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Surface Integrity of Case-hardened Gears –  
 with Particular Reference to Running-in and Micropitting 
 
Dinesh Mallipeddi 
Department of Industrial and Materials Science 
Chalmers University of Technology 
Abstract 
A gearbox with gears of different sizes is part of a vehicle transmission system and plays an 
important part in transmitting the engine power to the wheels. The efficient energy transmission 
highly relies on the performance of gears. Together, the mesh efficiency and durability determines 
the performance of gears.  
The hard finishing of gear surfaces by means of different methods; grinding, honing and 
superfinishing etc., produces unique characteristics in terms of surface roughness, microstructure 
and residual stresses. These characteristics of tooth affect the gear performance. Running-in process 
is known to alter them along with surface chemistry and presets the gear for service. This fact creates 
an interest to understand the initial running-in with the purpose to improve the performance of gears. 
Thus, this study addressed, the influence of running-in on the evolution of surface characteristics 
generated by the mentioned methods, and how they developed further during initial usage, 
represented by efficiency test. Gears tested in a FZG back-back test rig were characterized by 
combining different analytical techniques. These included scanning electron microscopy (SEM), 
transmission electron microscopy (TEM), X-ray diffraction (XRD) and X-ray photoelectron 
spectroscopy (XPS). Surface roughness was found to be the most influential factor and virtually all 
changes were confined to ~5 µm below the surface. The running-in process smoothened the surface 
asperities through plastic deformation and the severity of deformation increased with load. 
Micropitting was also associated with asperity deformation and hence only seen in ground and 
honed gears, while being absent for superfinished gears. Micropitting was promoted by higher 
running-in load and this trend continued for subsequent efficiency testing. The running-in load also 
promoted the deformation bands frequently found in connection with the cracks. Compressive 
residual stresses beneficial for fatigue life varied between finishing methods, highest stresses 
recorded for honed gears. The stresses differed between profile and axial direction after 
manufacturing and, reached similar levels after efficiency testing, but remained compressive 
throughout the test. The initial increase in compressive residual stresses was linked to retained 
austenite transformation and its later decrease to crack formation. The indicated tribofilm formation 
was connected to the surface roughness and promoted by running-in load.  
Micropitting is a surface contact fatigue failure that occurs in all types of gears. This failure 
mechanism was also investigated from material perspective. Gears were tested in a sequence from 
200 to 2.2 x 107 cycles. The micropitting initiated due to the deformation of asperities and associated 
microstructural changes; plastically deformed regions (PDR) and deformation bands (thin 
martensite lath with epsilon carbides precipitated at boundaries). These structural changes started 
already within 200 cycles and cracks occurred after 2000 cycles, signifying that micropitting can 
initiate already after short period of operation. Thus, the running-in of gears from materials 
perspective can be as short as 2000 cycles. The findings presented are expected to contribute to the 
technical and industrial aims for optimized gear preparation.  
Keywords: Gears, running-in, micropitting, surface asperities, residual stresses, surface chemistry, 
plastic deformed regions (PDR), deformation bands 
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Transmission Cluster 
Scania CV, AB Volvo, Chalmers University of Technology and KTH (Royal Institute of 
Technology) together have started a research network called “Transmission cluster” with the 
aim to improve overall drive train efficiency. As the name indicates the network is a cluster of 
sub-projects where individual projects address a particular area of drive train challenges. The 
work presented in this thesis is a part of transmission cluster project that is connected to the 
performance of gears. The main goal of this PhD thesis project has been to contribute to the 
improved efficiency and longevity of transmission gears by characterizing, understanding and 
optimizing the running-in process. This project was first funded by Swedish Energy Agency 
and then Swedish Innovation Agency (Vinnova), and sponsored two PhD students, one at 
KTH and one at Chalmers. The work has been distributed in such a way that the PhD student, 
M. Sosa at KTH, has focused on gear testing and development of the simulation models to 
predict the running-in process. To develop real time knowledge and experimental data, KTH 
has FZG back-back gear test rig that can measure energy losses for varied test parameters. The 
test rig is also equipped with profilometer giving the possibility to capture the surface 
topography in-situ. In parallel, the PhD student D. Mallipeddi at Chalmers, has focused on 
surface and material characterization of tested gears. To characterize surface characteristics of 
gears, Chalmers has analytical instruments such as high resolution scanning electron 
microscope (SEM), X-ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD). The 
work has also included co-operation with Technical University of Denmark (DTU), regarding 
dedicated TEM characterization.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
Nomenclature of spur gears 
 
 
Pitch circle: A normal section of the pitch surface 
Addendum circle: A circle bounding the ends of the teeth, in a normal section of the gear. 
Dedendum circle: The circle bounding the space between the teeth, in a normal section of the 
gear. 
Pitch surface: The surface of the imaginary rolling cylinder that replaces the toothed gear. 
Addendum: The radial distance between the pitch circle and the addendum circle. 
Dedendum: The radial distance between the pitch circle and the root circle. 
Face of a tooth: The part of the tooth surface lying outside the pitch surface. 
Flank of a tooth: The part of the tooth surface lying inside the pitch surface. 
Top land: The top surface of a gear tooth. 
Clearance: The difference between the dedendum of one gear and the addendum of the mating 
gear. 
Width of space: The distance between adjacent teeth measured on the pitch circle. 
Tooth space: The space between successive teeth. 
Pressure angle: Angle between the line of action and a line perpendicular to the line of centres. 
Back lash: The difference between the tooth thickness of one gear and the tooth space of the 
mating gear 
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1 Introduction  
Gears are toothed wheels that transmit power from one shaft to another by meshing one another 
without any slip. The origin of gears can be traced back to 27th century BC. Primitively, they 
were made of wood and commonly greased with animal fat. The industrial revolution in 19th 
century escalated the usage of metallic gears in different applications like clocks, water mills, 
irrigation devices and powered machines, etc. Since then, the science and technology regarding 
gear manufacturing, design and materials have shown continuous development. Today, gears 
are used in nearly all power transmission applications. Modern technological advancements 
have increased the efficiency and durability of gears especially in automotive industry. Still, 
strive for greater performance enhancement is increasing due to stringent global demands on 
sustainability and energy consumption.  
In heavy duty vehicles, the gearbox is comprised of various combinations of gear drives for 
attaining different torques and speeds. Of course, not all gears are engaged at the same time for 
transmitting load, only some are engaged and others roll freely. However, both load carrying 
and non-load carrying gears, along with bearings, seals and lubricant constitutes for the overall 
energy losses of a gearbox [1]. Therefore, minimizing energy losses by addressing load 
dependent and no-load dependent losses can be helpful to further improve the efficiency of a 
gearbox. Load dependent losses mainly originate from friction between mating gears and are 
greatly affected by surface topography and chemistry developed from additives in the lubricant.  
Gears fail in many ways but primarily due to fatigue [2]. Typically, fatigue failure starts with 
crack initiation that later progresses into the surface with repeated loading and finally ends by 
separating a micro- or macro-section from the bulk material. Amongst different modes of 
surface contact failures, micropitting has been increasingly observed in automotive gear 
industry. Progression of micropitting creates profile degradation, elevates noise and vibration 
levels, and further continuation can eventually lead to catastrophe in the form of macro-pitting, 
spalling and tooth fracture.  
The performance of gears is determined by both the efficiency and durability. It is well known 
that the surface roughness, generated by the hard finishing process has significant influence on 
the performance of gears. This undesirable surface roughness can be further smoothened before 
usage via running-in process. However, depending on the running-in conditions used, the 
surface characteristics topography, residual stresses, microstructure and tribo chemistry evolve 
differently, which can be beneficial or detrimental during the service.  
1.1 Research objective 
The main aim of this thesis study is to understand the running-in process in the context of 
enhancing the performance of gears. Many research studies have previously investigated 
running- in process from different perspective such as friction, wear and surface transformation 
(roughness), etc., while from material perspective it was seldom studied. This thesis study 
focuses on understanding the running-in process from a material point of view. To address this 
overall goal, the present study is divided into the following questions:  
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Hard Finishing 
 What are the differences in surface characteristics generated by different manufacturing 
methods; ground, honed and superfinished?  
 How the generated characteristics do responds to the running-in process? 
Running-in 
 How will surface characteristics topography, residual stresses, microstructure and 
surface chemistry evolve during running-in for different finishing methods?  
 How is the evolution influenced by the running-in parameters load and speed? 
 How have these characteristics further developed and influences, gear behaviour during 
initial usage, here represented by efficiency testing? 
Micropitting?  
 What is the root cause of micropitting mechanism from microstructure perspective? 
 Which microstructural changes occur during gear testing? 
1.2 Research methodology 
To the authors knowledge the term surface integrity was first coined by Field and Kahles [3]. 
They attributed this to the alteration of both surface and subsurface properties of the surface 
region affected by machining. Likewise, the surface integrity of gears is also poised by different 
characteristics. However, topography, microstructure, residual stresses and chemistry are 
considered as major influential characteristics. The detailed analysis of these characteristics is 
necessary to understand the variations induced by different manufacturing methods as well as 
their response to testing. To do so, a characterization methodology was developed by combining 
different analytical techniques as shown in Fig.1. By combining different techniques, the 
evolution of individual characteristics and the correlation between them can be studied in detail.  
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Figure 1. Overview of the analysing techniques used to characterize gear surface characteristics. 
1.3 Limitations 
Certain limitations are inevitable in any research work, likewise, the author has also faced few 
during the course of this thesis work. Some important limitations are presented below. 
 The planning regarding running-in cycles and load parameters was designed by twin 
PhD student at Royal Institute of Technology (KTH) before the author has started his 
doctoral studies. 
 The details regarding finishing processes are unknown.  
 Likewise, the information regarding lubricant chemistry is also unknown for detailed 
understanding of the surface chemistry. Hence, only certain clear trends has been 
possible to depict. 
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2 Background 
In this chapter, a brief overview of important topics that comprise the background knowledge 
needed to understand the insights of this thesis study are presented.  
2.1 Gear geometry 
The possibility of maintaining constant angular velocity throughout the meshing (law of 
gearing) made gear drives more reliable in power transmission applications. Different profiles 
of gear teeth like involute, cycloidal and circular arc can satisfy the law of gearing. However, 
the ease of manufacturing, high nominal efficiency and capability of providing constant 
velocity ratio irrespective of center distance, predominated the usage of involute profiled gears 
compared to other profiles. 
 
Figure 2. Revolving base circle (reproduced after [4]). 
Simply defining, an involute curve is the path traced at the end of thread while unwinding it 
from a cylinder. For mechanically generating involute, fixed base circle and revolving base 
circle methods are used. Operations like hobbing, shaping, shaving etc. generate involute teeth 
based on revolving base circle method [4]. A schematic representation of revolving base circle 
method is shown in Fig. 2. In this method, an involute profile is generated from a straight beam 
and base circle that roll with one another without any slip, details are explained elsewhere [4]. 
2.2 Surface contact related gear failures 
Prominent contact failures encountered on the active gear flank surfaces are discussed in this 
section. 
2.2.1 Micropitting 
Micropitting appears like dull matte or grey stained to the naked eye. The major difference of 
this damage mechanism in comparison to macro-pitting is that it initiates on the surface asperity 
level. Interaction of asperities under high tractional forces generate a multitude of surface 
cracks. Thus generated  cracks, then grow into the surface at a shallow angle [5] and break off 
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material forming a pit in the microns range i.e. around 5-10 µm in depth. The detailed 
mechanism of micropitting will be discussed in a later section of the thesis.  
 
Figure 3. Micropitting on a gear tooth. 
2.2.2 Pitting  
In simple words, pitting can be described as a shallow crater on the gear surface. The repeated 
stresses acting on near-surface region deform segments of the material plastically and 
elastically. High internal stresses are developed depending on plasticity difference and grain 
orientation, which eventually leads to the initiation of a crack [2]. The initiated crack, then 
progresses through the weak zones and separates the particles from the surface forming a pit. 
Figure 4 shows an example of pitted gear surface.  
 
Figure 4. Pitting on a gear tooth. 
Due to negative sliding, pitting usually initiates at the dedendum region. Later it develops over 
the entire surface of the gear flank. Extensive pitting degrades tooth profile and causes a 
malfunction of the gear drive in terms of efficiency, vibrations and audible noise. The pitting 
life of gears is highly correlated to a specific film thickness of lubrication, which is dependent 
on the gear surface roughness [6].  
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2.2.3 Spalling 
Spalling is generally regarded as a propagation of macro-pitting that occurs when a series of 
pits coalesce due to failure of the intermediate metal. According to ASM (American Society 
for Metals) committee of failure of gears [2], this mode of failure occurs only after numerous 
cycles of operation. However, it can also take place after relatively few operating cycles. This 
mode of failure originates from the subsurface-defects that are typically 20-100µm deep from 
the contact surface [7].   
 
Figure 5. Schematic illustration showing the origins of pitting and spalling (published with 
permission from Elsevier [7]). 
2.2.4 Wear 
Wear of a gear tooth can be described as local surface deterioration created by surfaces sliding 
against one another or by impurities present in the lubricant. It is classified majorly into two 
types, abrasive and adhesive wear [2], [8]. 
Abrasive wear – during sliding, shearing off surface takes place due to the existence of hard 
foreign abrasive particles in the lubricant. The detrimental effects of abrasive wear summarized 
by Louis Faure [9] are presented below: 
 Gear backlash is increased by abrasive wear, thereby altering the dynamic behaviour; 
 Excessive erosion by abrasive wear creates pointed teeth; 
 Severe abrasive wear diminishes the thickness of hardened layer. 
Adhesive wear – ample pressure between the mating asperities of gear pair during sliding causes 
localized plastic deformation or micro-welding. Due to the deformation there is an energy 
storage which results in overheating the surface. As a consequence of raise in frictional heat, 
the surface become soft and promotes more adhesion and plastic deformation, this in turn causes 
further increase in local temperatures that leads to microstructural changes at the surface [2]. 
Adhesive wear is categorized into three different types, polishing, hot scuffing and cold 
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scuffing. The influential factors that are responsible to activate the different modes of adhesive 
wear are presented below [8]: 
 Polishing occurs due to low operational speed (< 20 m/sec) that fails to yield sufficient 
film thickness. 
 Hot scuffing occurs due to breakage of oil film caused by high pressure between mating 
surfaces, high sliding speeds and excessive contact temperatures. 
 Cold scuffing occurs due to breakage of oil film caused by extremely low sliding 
velocity (linear speed not exceeding over 4 m/s). 
2.3 Stress conditions in a gear tooth 
Gear teeth under the influence of induced stress may fail in the form of root breakage or surface 
contact fatigue. Hence, reliable calculations and test methods are essential to estimate the level 
of bending and contact stresses arising from the contact surfaces. In this section the generalised 
mathematical equation used to predict contact stresses is described.    
2.3.1 Contact stress 
In general, the contact between gear pair is nonconformal. Hence, the applied load is carried 
only by a small fraction of area. Increasing load expands the contact area, but always remains 
smaller than the contact area that exist between conformal contacts. The contact stress between 
gear pair can be predicted by using Hertzian theory. The Hertzian equation is postulated based 
on the following assumptions [10]:  
 The materials of contacting bodies are homogenous and yield stress is not exceeded 
anywhere. This means the materials are approximated as linear elastic solids; 
 No friction exists within the contact; 
 The solid bodies are continuous without any cracks or discontinuities in their surfaces; 
 Contact is limited to a small portion of the surface i.e. the dimensions of the contact area 
is small compared to radii of curvature of the surfaces. 
With these assumptions the maximum Hertzian pressure or contact stress existing within the 
contact is given as:  
ߪ஼ ൌ  ܧᇱ ሺ௪
ᇲ
ଶగ ሻ
భ
మ                                                                                                    2.1 
where ܧᇱ = effective elastic modulus =  ଶభషೡೌమ 
ಶೌ ା
భష ೡ್మ
ಶ್  
                                                   2.2 
and ݓᇱ = dimensionless load = ௐாᇲ ோೣ   ௕ೢ                                                                    2.3 
In eq.2.3, ܾ௪ is contact face width, ܹ is the load per unit length along the contact and ܴ௫   is 
the effective radius, for spur gears ܴ௫   is a function of pinion diameter, gear diameter and 
pressure angle and is given as:  
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ଵ
ோೣ ൌ ൬ 
ଵ
ௗ೛ ൅ 
ଵ
ௗ೒൰
ଶ
௦௜௡׎                                                                                                             2.4 
However, during service the induced stress can be slightly higher than predicted from eq.2.1. 
This is due to different operational conditions used. To correct for additional factors, American 
Gear Manufacturing Association (AGMA) has recommended modifications to the existing 
equation. The AGMA contact stress equation is described as: 
ߪ௖ ൌ ܧᇱ ሺௐ
ᇲ ௞೚ ௞ೞ ௞೘ ௞ೡ
ଶ గ ሻ
భ
మ                                                                                       2.5 
where, ko is the over load factor, ks is the size factor, km is the load distribution factor and kv is 
the dynamic factor. 
Usually, the contact between mating spur gears is considered as rectangular and the Hertizan 
half width is give as: 
ܾכ ൌ  ܴݔ    ሺ଼௪
ᇲ
గ  ሻ
భ
మ                                                                                                     2.6 
Noteworthy that the Hertizan theory applies to perfectly smooth surface. In reality, gear surface 
has some roughness and the real area of contact is dependent on the asperities in contact. This 
implies that apart of the Hertizan stresses, mating asperities also generate stresses that act very 
close to the surface. To sum up there are two active regions where shear stress reaches the 
maximum value. One is geometry dependent i.e. Hertizan contact and the other is due to 
asperity contact.  
2.4 Lubrication 
The functionalities of lubricant interposed between non conformal contacts (specifically in 
gears) include reducing friction and wear, heat dissipation and suspension of contaminants. To 
minimize friction which decides the degree of wear and heat evolution, the interacting surfaces 
are either separated by a fluid film created by pressure or by formation of a protective tribofilm.  
The Stribeck curve obtained by plotting coefficient of friction against the product of dynamic 
viscosity and angular velocity divided by the normal load enables us to classify the different 
regimes of fluid film; hydrodynamic, mixed and boundary lubrication. In practise, for gears, 
cams and rolling element bearing, the classical hydrodynamic lubrication proposed by 
Reynolds predicts negligible fluid film [11]. Still, the gears manage to function satisfactorily 
without any wear/damage for prolonged time. This confirmed that the standalone 
hydrodynamic theory falls short to predict or explain the fluid film mechanisms of high pressure 
non-conforming contacts. Later, it was understood that sufficient thickness of fluid film needed 
to separate the mating gear teeth contact occurs as a result of the following effects: 
 Piezo viscous effect: Viscosity of lubricant oil increases enormously at the high pressure 
region of mating gear tooth contact [12].   
 With an increased viscosity, lubricant acts as a solid leading to elastic deformation of 
mating surfaces, where the smallest deformation corresponds to two or three times the 
minimum film thickness [13]. 
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The regime developed based on the above mentioned effects is called as elastohydrodynamic 
lubrication (EHL). Figure 6 depicts the pressure distribution and contact shape of EHL contact, 
which also resembles the contact between mating gear teeth. The occurrence of the pressure 
spike at the outlet of contact is related to the elastic deformation induced by high viscous 
lubricant resulted from exerting high pressure on the lubricant in the Hertizan contact region. 
This characteristic pressure spike at the outlet zone was first observed by Petrusevich and hence 
sometimes is referred as “Petrusevich spike”.  
 
Figure 6. Schematic illustrating regimes of elastohydrodynamic contact between the mating 
gear teeth of the gear set (reproduced after [14]).  
The following empirical equation postulated by Dowson and Higginson cited by Sosa [15] best 
predicts the minimum film thickness for a non-conformal contact 
݄௠௜௡ ൌ ܴሺ1.654ܷ଴.଻ܩ଴.ହସܹି଴.ଵଷሻ ൌ 1.654  ሺఎబ  ௩శ ሻ
బ.ళ ோబ.రయ ఈబ.ఱర ௕బ.భయ
ாೝబ.బయ ி೎బ.భయ                2.7 
where,  ߟ଴ is the absolute viscosity, ࢜ା is the entrainment speed of the gear contact, R is the 
composite radius, α is the pressure viscosity coefficient, b is the gear face width, Er is the 
reduced young’s modulus and Fc is the contact force.  
Using the equation 2.7, the specific film thickness is calculated as follows 
ߣ ൌ   ௛೘೔೙
ටோ೜భమ ାோ೜మమ
                                                                                                                                    2.8 
where, Rq1 and Rq2 are the root mean square roughness parameters of pinion and gear.  
The above mentioned Dowson and Higginson equation predicts minimum EHL films of the 
order of 1 µm with the assumption of perfectly smooth surface and ideal operating conditions 
of gears. However, in practice, the average roughness of a ground gear tooth is about 0.4 µm 
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and peak-to-valley asperity features are around 2-4 µm. This indicates that the EHL film fails 
to exceed the height of asperity peaks, and this effect of roughness on EHL film is referred as 
micro-elastohydrodynamic lubrication  [12], [16]. The pressure ripples created by these asperity 
peaks induces high principal stresses very close to the contact surface and this highly influences 
the fatigue damage at the asperity level in the form of micropitting.  
2.5 Gear box efficiency and power losses  
The efficiency of gear box is defined as the ratio of output power to the input power  
ߟ௧௢௧௔௟  ൌ   ௉ೀೠ೟೛ೠ೟௉೔೙೛ೠ೟                                                                                                    2.9 
The difference between input and output arises from different sources such as gears, bearings, 
seals, synchronizers and auxiliary losses [1]. In addition, the losses from gears and bearings can 
be subdivided into load-dependent and no-load losses. Load-dependent losses mainly originate 
from the friction in the gear mesh and rolling element bearings. No-load losses can occur even 
without any power transmission and are mainly associated to lubricant properties; viscosity and 
density, immersion depth of the gears in sump lubricated gearboxes and dimensions of the gear 
box. The total losses are hence commonly summarized as shown below. 
்ܲ௢௧௔௟ ൌ   ܲீ ௘௔௥௦,௅௢௔ௗ  ൅   ܲீ ௘௔௥௦,ே௢ ௟௢௔ௗ  ൅ ஻ܲ௘௔௥௜௡௚௦,௅௢௔ௗ ൅ ஻ܲ௘௔௥௜௡௚௦,ே௢ ௟௢௔ௗ ൅
௦ܲ௘௔௟௦ ൅  ௌܲ௬௡௖௛௥௢௡௜௭௘௥௦ ൅  ஺ܲ௨௫௜௟௜௔௥௬                                                                                                  2.10 
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3 Running-in: a literature survey 
3.1 Running-in by definition 
To the author’s perception, running-in is involved with various aspects of the surface such as 
friction, wear, surface roughness, mechanical properties, microstructure and chemical 
composition etc. Several researchers have defined running-in but none have proposed a generic 
one covering all the aspects. To introduce the reader to the topic of running-in, prominent 
definitions are presented below.   
 According to Gosudarstvennyy standard (GOST – Russian standard) [17] running-in is 
defined as “The change in geometry of the sliding surfaces and in the 
physicomechanical properties of the surface layers of the material during the initial 
sliding period, which generally manifests itself, assuming constant external conditions, 
in a decrease in the frictional work, the temperature, and the wear rate” 
 Summer-Smith [18] defined running-in  as “The removal of high spots in the contacting 
surfaces by wear or plastic deformation under controlled conditions of running giving 
improved conformability and reduced risk of film breakdown during normal position” 
  Blau [19] defined run in (with no hyphen) as “ To impose a set of conditions on a 
tribosystem to reduce the time required to achieve a steady state, improve long-term 
performance, and/or to cause a state of geometric conformity to exist at the contact 
surfaces in that system” 
Other definitions/concepts that author has come across during literature survey include: 
 smoothening or flattening of asperity peaks in a defined number of cycles, 
 first part of the life period of rolling or sliding contact elements, 
 reaching steady state in terms of friction and wear, 
 initial operating cycles of the virgin surfaces, 
3.2 Running-in mechanisms 
In general, running-in is considered as an initial conditioning process that helps to improve the 
conformity between surfaces. The contacts between surfaces can be pure rolling, pure sliding 
or rolling-sliding. Hsu et al. [20] stated that with the help of running-in process a steady state 
condition can be achieved between contact pressure, surface roughness and interfacial layer. 
The aforementioned parameters reach steady state condition due to the change in surface 
topography obtained during the running-in. The two dominant mechanisms responsible for 
topography changes are plastic deformation and wear [21].  
Mikhin and Dobychin proposed a theoretical model of running-in process, cited by Kragelsky 
[17], describing how an individual spherical asperity sliding against a smooth surface reaches 
its equilibrium state. Figure 7 illustrates the model. According to the model, the contact area 
formed between the spherical asperity and the smooth surface is divided into two parts; frontal 
half space of spherical asperity (section ABC in Fig. 7) and bottom half space of spherical 
asperity, i.e. region behind the spherical asperity (section CAD in Fig. 7). The frontal half space 
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is related to the plastic deformation region (denoted by APL in Fig. 7) that forms during sliding 
and is governed by normal load and tractional force. The bottom half space is related to elastic 
restoration region (denoted by AeL in Fig. 7) of sliding material, which belongs to unloaded 
state. Mikhin and Dobychin suggested that running-in process is characterized by the 
redistribution of this contact region. Repetitive action of sliding varies the ratio of these two 
regions by decreasing the plastic deformation and increasing the elastic restoration regions 
respectively. Finally, the system approaches equilibrium when the ratio of these two regions 
becomes equal. 
 
Figure 7. Sliding of spherical asperity over smooth surface (reproduced after [17]). 
Several factors such as load, speed, physicomechanical properties of the material and 
lubrication medium influence the effectiveness of the running-in process [17]. Some studies 
that addressed the effect of influential factors on running-in behaviour are summarized below. 
 By increasing running-in load the percentage of deformed asperities increases [17], [22]. 
 High running-in velocity produces a more negative skewness [22].  
 The formation of lubricating film that prevent wear is highly dependent on the 
magnitude of running-in velocity/speed  [23], [24]. 
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 Contact temperature greatly influences the performance of lubricant and its additives 
[25].  
 Higher load yields lower surface roughness after running-in [26]. 
Not only the influential factors related to the actual conditions employed, but also the initial 
surface roughness created by means of manufacturing process affects the behaviour of the 
running-in process. Conclusions from some important studies with respect to the initial surface 
characteristics are as follows. 
 Higher surface roughness increases the weight loss [24]. 
 The change in roughness is higher for rougher initial surface [26]. 
 After running-in, the surface roughness is increased for smooth surface, while opposite 
behaviour occurred for rough surface [27]. 
 The wear rate is also influenced by roughness pattern i.e. orientation of roughness lay  
[28]. 
3.3 Running-in of gears  
To the author’s knowledge, little has been published about running-in process with respect to 
gears. Possibly, the first experimental work on gears was performed by Andersson [29]. In that 
study, it was observed that the running-in process decreased the surface roughness of both 
hobbed and shaved gears. However, the decrease in roughness was higher for hobbed gears due 
to its rougher initial surface. Also, the wear of gear surfaces accelerated with increasing speed 
and contact load. Sjöberg [30] studied how surface topography set by different manufacturing 
methods (green shaving, grinding and honing) responded to running-in process. The results 
showed that real contact area of gear surfaces is increased by means of running-in. This was 
true for all the manufacturing methods.  
Recently, Sosa [15] presented his study on “Running-in of gears from a surface and efficiency 
transmission point of view”.  Note that the same gears from that study were examined in this 
thesis. The outcome of his work is summarized below. 
 In-situ surface roughness measurements showed reduction of tips after first cycles. 
However, valleys remained the same. 
 For ground gears, higher running-in load yielded higher efficiency for all speed ranges. 
 The surface roughness characteristics of ground gears are largely affected by high 
running-in load compared to low running-in load. In other words, higher running-in load 
produced smoother surface. 
 For superfinished gears, running-in did not affect surface topography and efficiency.  
 In general, superfinished gears exhibited higher overall efficiency compared to ground 
gears, but only for high speeds. Opposite phenomena was observed for low speeds 
(below 2 m/s). 
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4 Micropitting: a literature survey 
Micropitting has long been recognized as the prevailing failure in rolling and sliding contact 
elements such as gears, roller bearings and cams. In gears, the process is characterized by the 
initiation of  micro-cracks at or near the surface opposite to the sliding direction, followed by 
their propagation into the surface at a shallow angle and the breakoff of material, forming a pit 
with characteristic depth and diameter in the range of microns or tens of microns [5], [16], [31]. 
Most often, micropitting occurs during the first 105-106 stress cycles. Nevertheless, a gear pair 
runned with unfavourable conditions, for example when using low load carrying capacity 
lubricant, micropitting can initiate after a short running time [32]. An example of micropitting 
is shown in Fig. 8.   
 
Figure 8. Micropit on ground gear tooth after efficiency testing. “S” in the image indicates the 
sliding direction.  
In general, micropitting can initiate all over the gear tooth surface. However, dedendum region 
is more prone to micropitting due to negative sliding [33]. The micropits grow opposite to the 
sliding direction and its initiation is associated with the surface irregularities. Olver [34] using 
a simple slip line field theory proposed plastic deformation of asperity as a fundamental cause 
for micropitting. Moorthy and Shaw [31] based on their observations suggested that micropits 
are produced as a consequence of initiation and progression of micro-cracks from a  notch-like 
micro-valleys, which are oriented favourably against the sliding direction.  
Although it is commonly known that micropitting is associated with surface irregularities, a 
complete mechanism depicting micropitting has not been established due to the involvement of 
diverse influential factors such as surface roughness, residual stresses, microstructure, lubricant 
properties and operating conditions. With the aid of a fractional factorial design Oila and Li 
[35], [36] identified contact pressure as the most significant factor influencing micropitting in 
rolling and sliding contact. Interestingly, both the studies suggested that reducing surface 
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roughness amplitude alleviates micropitting. Other investigations [37]–[39] have also 
confirmed that rougher gear surface is more prone to micropitting. By producing smooth surface 
via superfinishing process Winkelmann et al. [40], Zhang and Shaw [41], as well as Krantz et 
al. [42] showed that this results in improved resistance to micropitting. Moorthy and Shaw [43] 
tested the surface durability of coated and uncoated ground helical gears. Their results showed 
lowest visible micropitting for coated gears compared to uncoated. 
Residual stresses also affect the surface integrity and hence influence micropitting and thereby 
fatigue failure. Batista et al.[44] performed contact fatigue testing of automotive gears made 
with two different surface treatments (carbo-nitrided and carbo-nitrided + shot peening) to 
study the influence of residual stresses. The results showed that damage initiated after the same 
time, however, the progression to spalling was delayed in carbo-nitrided + shot peened gears 
due to the higher level of compressive residual stresses. Townsend et al. [45] also investigated 
pitting resistance of carburized and ground spur gears with and without additional shot peening 
process. The results showed that the pitting fatigue lives of shot-peened gears with higher 
compressive residual was 1.6 times higher than that of normal gears.  
 
Some experimental studies investigated micropitting mechanisms in relation to microstructural 
changes. In particular, Oila et al. [46], [47] linked micropitting to phase transformations  
induced by cyclic contact fatigue. The authors identified development of so-called plastic 
deformed regions (PDR) beneath the asperities, and proposed that the microcracks initiate at 
the intersection point between surface and the softer boundary of PDR. The boundary of PDR 
was depicted as dark etching regions (DER), and suggested be newly formed structure as a 
result of recrystallization. Hoeprich [48] also observed dark etching alterations (DEA) beneath 
the contacting surfaces and related them to accumulation of dislocation densities rather than 
phase transformation. Another study by Venkatesh and Krishnamurthy [49] proposed 
transcrystalline and intergranular cracking as a reason for metal removal and pit formation in 
contact fatigue tested pearlite/ferrite dual-phase soft gears (hardness ~230HV).  
 
Other studies focused on the influence of lubricant additives on micropitting. Winter and Oster 
[50] found that the micropitting resistance of carburized gears increased when tested with 
lubricant containing S-P additives. In contrary, Cardis and Webster [51] reported negative 
effect on micropitting with the gear oils blended with anti-scuffing additives. Martins and 
Seabra [52] performed micropitting tests to compare mineral oil and biodegradable ester oils. 
Their study suggested that micropitting performance of two lubricants was similar and thus 
encouraging the usage of non-toxic biodegradable gear oils. 
 
The literature presented above focused on one specific characteristic and studied its influences 
on the micropitting mechanism. However, to elucidate the complete mechanism, the evolution 
of each individual characteristic and correlation between them needs to be understood in detail 
from initial stage to complete failure. This has been addressed in the present thesis study by 
combining different analytical techniques.  
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5 Overview of gear surface characteristics  
This chapter provides a brief background of the characteristics that, hold the integrity of gear 
surface. The evolution of these characteristics was addressed in this thesis and studied in detail 
in order to understand the running-in process as well to be able to depict the underlying 
mechanism responsible for micropitting phenomena.  
5.1 Topography 
Topography is the three-dimensional representation of surface geometry. Any deviations with 
respect to the desired nominal surface are generally referred as surface irregularities. These 
irregularities are generally categorised as form, waviness and roughness. Whitehouse [53] 
defined these terms as follows:  
 Roughness relates to irregularities of short wavelengths left on a surface from the 
finishing processes, for example, the impression left by grinding or honing processes. 
 Waviness relates to irregularities of longer wavelengths left on a surface due to improper 
manufacturing, for example, deflections or vibrations in an individual machine 
 Form relates to the general shape of a surface and usually represented as a very long 
wave. The deviation from the general shape can result from thermal distortion or 
insufficient rigidity in supporting sample during production etc.  
Together, roughness and waviness constitute the surface texture, and are superimposed on the 
nominal surface, see Fig. 9a. For applications like gears, the position of maximum surface 
stresses, plastic deformation and surface contact fatigue are greatly influenced by the surface 
roughness. Hence, roughness need to be separated carefully in order to assess its influence. 
Figure 9b illustrates an example of the stress profiles caused by waviness and roughness.  
The factor that differentiates roughness from waviness is called sampling length or cut-off 
length. This has to be chosen carefully in a way that it includes enough surface to obtain a 
reliable value of the desired roughness parameter, and at the same time it should exclude 
waviness. There are certain recommendations to select a proper sampling length, and specific 
details can be found in ref [54]. In addition, the term “lay”, which is the predominant direction 
of the surface pattern is also a function of surface texture. In practise, 2D surface measurements 
are usually measured perpendicular to the characteristic lay direction. The most commonly used 
surface roughness parameters with respect to gear surfaces both in industry and scientific 
research are: Ra (arithmetic average height), Rz (ten point height), Rp (maximum height of 
peaks) and Rq (root mean square roughness). A detailed description of these parameters can be 
found in ref [55].  
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Figure 9.  Waviness and roughness superimposed on nominal shape (a) and stress profiles with 
respect to roughness and waviness (b), (published with permission from Taylor and Francis 
Group LLC Books [53]).  
The main advantage of profilometer measurements is the quantification of the results. However, 
in the present study, the main aim is to understand the deformation of asperities and associated 
micropitting with respect to operating conditions. Therefore, surface topography in this study 
refers to the examination of surface plane view with the aid of stereo-light optical microscope 
and scanning electron microscope. As an example the surface lay and asperities of a ground 
gear and their deformation due to running-in testing are shown in Fig. 10.  
 
Figure 10. Surface topography of ground gear before and after running-in. “s” indicates the 
sliding direction.  
5.2 Residual stresses 
Noyan and Cohen [56] defined residual stress as “the self-equilibrating internal stress existing 
in a free body when no external tractions are applied”. It is a well-known fact that the 
performance of gears is greatly affected by residual stresses. Presence of surface tensile residual 
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stresses is undesirable, while compressive residual stresses are beneficial for contact fatigue 
strength. In general, residual stresses originate from the physical deformation induced either by 
thermal gradients or by phase transformation during the cooling process of the heat treatment 
[57].  
5.2.1 Thermal stresses 
At the beginning of quenching the core has higher temperature in comparison to the surface. 
This results in higher specific volume in the core than the case, which resists the volume 
contraction of the surface. As a consequence, surface compressive stresses will develop in the 
core and tensile stresses in the case. When the stresses exceed the yield stress during cooling 
the plastic deformation takes place, then the specific volume in the surface becomes greater 
than the core. Gradually, when the temperature difference between core and case decreases the 
stress states will be reversed resulting in compressive stresses in the case and tensile stresses in 
the core [58].  
5.2.2 Transformation stress 
Transformation stresses mainly originate from the transformation of austenite to martensite that 
is accompanied by the volumetric expansion. Importantly, the final state of the surface residual 
stresses is dependent on when the surface austenite transforms to martensite i.e., prior to or after 
the transformation in the core. If the martensite forms first at the surface, the associated volume 
expansion is restrained by the untransformed core and as a result compressive stresses develop 
initially at the surface. Later, when the core transforms to martensite or to any other 
microstructure, its volume expands and keeps the surface in tension. The representation of this 
phenomena is shown in Fig. 11.  
 
Figure 11. Development of residual stresses in carburized steels when the surface transforms to 
martensite prior to the core (published with permission from ASM International [57]).  
However, for case-carburized gears, the core transforms first at high temperature ~ 500 to 
600°C depending on the steel grade. Then, the case transformation takes place below 200 to 
300°C, resulting in surface compressive stresses. According to ref [59], high-carbon case with 
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approximately 0.8 % of carbon (as for the  gears used in this research work) expands nearly 1.2 
% and low carbon core containing 0.2% C expands only 0.3 %. This carbon gradient determines 
the sequence of phase transformation and thereby residual stress levels from the surface and 
inwards into the quenched material.  
Overall, it should be remembered that the transformation stresses play a key role in any heat 
treatment where the cooling process starts from the austenite phase, while thermal stress are 
dominant in subcritical heat treatments. Nevertheless, for machine elements like gears, these 
stresses were further altered during the final hard finishing process.   
5.3 Microstructure 
Martensite (α’) is a crystal structure that is obtained by rapid quenching of steels from the 
austenite (γ) phase to room temperature. The salient feature of this peculiar transformation is 
that it takes place in an athermal and diffusionless manner involving coordinated atomic 
movements to a distance less than an atomic diameter [60]. The diffusionless nature indicates 
no occurrence of compositional change after transformation, i.e. carbon content remains the 
same for both the phases. This means the shape transformation of face centered cubic structure 
(fcc) to body centred tetragonal (bct) structure takes place by change in volume as well as a 
large shear. Nevertheless, phenomenological theory of martensite crystallography (PMTC) 
emphasised that the lattice strain associated with shape change is not sufficient enough to attain 
the martensite transformation. It suggested that the second shear in the form of lattice invariant 
strain contributes to the completion of martensite transformation by bringing the required 
change in crystal structure. This invariant strain is invisible and being thought to occur by slip 
or twinning.  
 
Figure 12. Martensite transformation. 
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Bain proposed a simple path of correspondence for martensitic transformation. Figure 12 shows 
the Bain correspondence illustrating the transformation of face centered cubic structure (fcc) to 
body centered tetragonal (bct) structure. The bct silhouette in Fig. 12a is constructed by joining 
two fcc unit cells on their (010) planes. However, to convert into bct martensite, deformation 
(Bain strain) is required, which involves 25% contraction along [001]γ to transform into [001]α’, 
and 13% elongation along [11ത0]γ and [110]γ directions to transform into [100]α’ and [010]α’. 
This figure and description are reproduced from ref [60].  
As a consequence of the austenite-martensite transformation the carbon atoms will occupy the 
octahedral interstitial sites and makes unit cell a tetragonal. The tetragonality of martensite is 
dependent upon the carbon content, and the axial ratio c/a, is given by [61]:  
஼
௔    ൌ  1.000  ൅  0.045 wt% C                                                                                                    5.1 
This equation indicates a linear relationship between axial ratio and carbon content. In other 
words, with zero carbon content the crystal structure would be bcc instead of bct. The lattice 
parameters a and c varies slightly with presence of Ni, Cr or Mn in the steel. However, the 
actual axial ratio c/a is only affected by carbon content [61]. Not only the lattice parameters but 
also the Ms and Mf temperatures can be influenced by alloying elements. The empirical 
relationship proposed by Andrews [62], as given in equation (5.2), best describes the relative 
effect of alloying elements on martensitic start temperature.  
ܯ௦ሺԨሻ ൌ 539 െ 423ሺ%ܥሻ െ 30.4 ሺ%ܯ݊ሻ െ 17.7 ሺ%ܰ݅ሻ െ 12.1 ሺ%ܥݎሻ െ 7.5 ሺ%ܯ݋ሻ                 5.2 
It is obvious from the equation (5.2) that the carbon level has the largest effect on Ms 
temperature compared to that of any other alloying elements. Therefore, the carbon content act 
as a prime factor to set Ms temperature, which in turn decides the amount of retained austenite. 
Hence, for gears it is important to choose right tempering temperatures, which decides the 
mechanical properties via carbon content and retained austenite percentage.  
The other important characteristic of martensite is its morphology. Maki [63] classified the 
morphologies of martensite (bcc or bct) into five different types; lath, butterfly, lenticular 
(plate), {225}γ-plate and thin plate based on the alloy composition and Ms temperature. 
However, the lath and plate morphologies are the common ones observed in ferrous alloys. The 
lath forms in the carbon range of 0-0.6 wt%, whereas plate forms above 1 wt%. Importantly, 
there is no sharp transition between lath and plate martensite. Hence, mixed martensite exist 
between 0.6 to 1 wt% C [64]. The width of an individual lath is of the order of 0.2-0.5 µm. 
These fine laths align themselves parallel to one another in regions of the parent austenite grain. 
Unlike laths, plates form nonparallel to one another. Figure 13 shows an example of the mixed 
martensite structure along with retained austenite, which is obtained by tempering the spur gears 
(hard finished by grinding after tempering) at about 185°C. The carbon content is around 0.8 
wt%.  
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Figure 13.  Light optical micrograph showing case microstructure of as-ground spur gear; mixed 
martensite and retained austenite can be seen (etched with 1.5% Nital).  
The tempering of martensite in the temperature range 100 to 250°C results in the precipitation 
of extremely small (~ 2nm) transition carbides [65]. Two different types of crystal structures 
have been reported for transition carbides. Jack [66] first proposed a hexagonal structured 
epsilon carbide (ε) having a stoichiometry of Fe2.4C. Later, Hirotsu and Nagakura [67] proposed 
an orthorhombic structured eta (η) carbide having a stoichiometry of Fe2C. However, the 
stoichometries proposed above are still being questioned, and the exact structure and 
composition are left as open questions up till now.   
5.4 Surface chemistry 
It is a well-known fact that the adhesive or frictional wear resulting from asperity-to-asperity 
contact between mating gears is a serious threat to gear performance. Apart from the initial 
higher surface roughness, unfavourable operating conditions like higher load or lower speed 
also generates higher temperatures via increased friction and consequently lead to the welding 
of asperities. To counteract this wear mechanism lubricant oil blended with antiwear (AW) or 
extreme pressure (EP) additives are usually employed as they contribute to forming a protective 
film (in the order of few nm) over interacting metal surfaces. Both these additives form 
protective films by a similar mechanism, however, the activation of  EP additives typically 
requires higher temperature and load compared to AW additives [68].  
The protective film formation is supposed to take place in two stages. At the start, the protective 
film is formed purely by adsorption. Then a chemical reactive layer is formed either by thermal 
decomposition or by hydrolysis [69]. The shear modulus of the reaction layer formed by 
additives is generally low. This ensures a removal of the reaction layer during sliding. However, 
to protect the surface, the rate of layer formation should be higher than the rate of layer removal 
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[70]. This is only possible if the additives in the lubricant both decompose and react with the 
metal surface readily at extreme conditions. 
The commonly used EP and AW additives based on the compound type are summarized in the 
below table [71].  
                         Table 1.  Typical EP/AW additives blended with base oil 
Sulphur compound type Sulfurized fatty oil 
Sulfurized terpene 
Sulfurized olefin 
Sulfide 
 
Chlorine compound type Chlorinated paraffin 
Chlorinated fatty oil 
 
Phosphorous compound type Phosphite 
Phosphate 
Amine phosphate 
 
Organo-metallic compound type Dialkyldithiophosphate 
Dialkyldithiocarbamate 
Naphtanate 
 
It should be noted that in the present study, the main focus regarding surface chemistry is to 
understand how testing influences tribo film formation rather than studying the effect of 
lubricants on gear performance.  
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6 Deformation mechanisms 
Surface plastic deformation plays a significant role in sliding and rolling-sliding contact fatigue 
failure, which is also the case for active gear tooth flanks. An example of plastically deformed 
material at the surface and close to the surface caused by severe sliding friction is shown in 
Fig.   14.  
 
Figure 14. Sliding induced plastic deformation (edited version, published with permission taken 
from Elsevier [72]).   
From the above figure it can be seen that the surface material is deformed and reoriented 
towards the sliding direction. Depending on the strain levels induced by sliding process the 
severity of deformation also varied from the surface to the bulk material. Such plastic 
deformation in metallic materials generally takes place by slip or twinning. A brief overview 
of these mechanisms is presented below.  
6.1 Slip 
Slip is the most dominant plastic deformation mechanism in metals. The process of slip involves 
sliding of one atomic plane over another by dislocation movements [73]. A simple model 
illustrating the slip process is shown in Fig. 15. When the applied shear stress exceeds the 
critical shear stress, the atoms advances over an integral number of atomic distances via the 
motion of dislocations. The dislocation here is nothing but a boundary between the slipped and 
unslipped portions of the plane of a partly glided crystal lattice [74]. The definite 
crystallographic plane along which dislocation line moves is called a slip plane. As a 
consequence of the slip process a slip step is formed at the free surface, which can be observed 
under microscope. The slip usually occurs in the plane with the closest atomic packing and the 
slip direction is the closed-packed direction in the slip plane. The combination of slip plane and 
slip direction constitute slip system. In case of the fcc structure, the close-packed planes and 
directions are {111} and <110> respectively. This means there are four possible individual 
planes and three directions, which together gives a total of 12 slip systems. On the other hand, 
bcc structures have 48 slip systems resulting from the combination of slip planes {110}, {112} 
and {123} with <111> slip direction [75].  
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Figure 15. Schematic illustration of slip process (reproduced after [76]). 
6.2 Twinning 
Twinning is dominant when the deformation by the dislocation slip is limited. Nevertheless, 
both slip and twinning can occur simultaneously [77]. The twinning mechanism involves 
rearranging a portion of the crystal lattice with an orientation that is exactly in mirror symmetry 
with respect to the untwinned lattice. The plane of symmetry between the two orientations is 
termed as twinning plane [73]. Similar to slip mechanism, twinning also takes place in a definite 
crystallographic directions. In fcc structure, the twinning system takes place in combination of 
{111} plane and <112> direction, whereas for bcc the twinning system corresponds to {112} 
plane and <112> direction [75]. Twinning usually occurs in two different modes; mechanical 
twins and annealing twins. Mechanical twins result from rapid mechanical loading at low 
temperatures and are commonly seen in bcc and hcp structures. While, annealing twins are 
formed during annealing of  fcc structures [73]. An example illustrating a twinned and parent 
matrix separated by a twin boundary plane is shown in Fig. 16.  
 
Figure 16. Twinning in a fcc structure (published with permission taken from Springer [75]).  
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6.3 Plastic deformation of polycrystals 
Slip process in single crystals can be categorized into two different stages. During the first stage 
of deformation the dislocations glide over long distance across the crystal. This movement is 
restricted in the next stage due to the formation of dislocation cells as a result of intersection of 
two slip planes. The cell walls are impenetrable and act as a barrier, hence, the gliding of 
dislocations is limited to the inside regions of the cell [77].  
In the case of polycrystals, this limitation exists from the beginning due to the presence of grain 
boundaries. As dislocations cannot slip via grain boundary, new dislocations nucleates in the 
surrounding grain as a result of a build-up of stresses at grain boundary from imposing 
dislocations. Consequently, the activation of slip with different orientation takes place on either 
side of the grain boundary. This can break the continuity of the grain boundary. However, to 
overcome this constraint, slip activates on multiple systems within the grain. Thus, each grain 
deform individually and at the same time maintains the continuity of the grain boundary. For 
polycrystalline material when subjected to plastic deformation, slip can simultaneously take 
place on five different systems. In general, this could be a limitation for hcp structures, hence 
twinning occurs commonly in hcp compared to bcc and fcc metals [75], [77].  
The crystals usually avoid the necessity of simultaneous activation of five slip systems by sub-
diving into different regions. By sub-division crystal can accommodate a similar deformation 
as activating five slip systems. Figure 17 shows the hierarchy of microstructure deformation 
with sub-divisions.  
 
Figure 17. Dislocations and deformation bands formed during deformation (edited version, 
published with permission from Springer [75]). Note that the figure illustrates the deformation 
hierarchy of pure Al, other metals may show similar or different structures.  
On the finest level, dislocation cells are formed with low dislocation density confined to the 
cell and high densities appearing at the cell boundaries (or simply referred as cell wall). The 
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dislocations are mobile within the cell, but are immobile at the boundary of the cell. 
Importantly, they exist in different signs, but never annihilate and leads to a misorientation of 
about 1-2° across the cell boundary. At the next step, the dislocation cells organises in bands. 
These bands are in the range of a few cell-blocks thick with thicker walls. The misorientation 
also increases consequently as compared to the previously formed dislocation cell walls. At the 
next hierarchical stage, both cell boundaries and bands together constitute deformation bands. 
These deformation bands form in clusters and the border of these micro bands (see dotted lines) 
are fine regions, called as transition bands. Finally, at the highest level, shear bands are formed 
under high strain levels. These bands are the consequence of severe plastic deformation and can 
pass through several grains. In simple words, shear bands represent the weakest regions of the 
material and can form independent of grain structure and normal crystallographic 
considerations [75], [77].  
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7 Gear manufacturing and work material  
The generation of gear teeth demands consistency and accuracy with respect to geometrical 
aspects like tooth size, shape and runout etc. [78]. The technology has advanced in recent times 
to produce gears with specified tight geometrical tolerances in less production time. For 
example, this includes generating gear teeth by using hob tool instead of form milling-cutters 
on milling machines. The flow chart representing the sequence of steps involved in 
manufacturing spur gears used in this study is shown in Fig. 18.  
 
Figure 18. Flow chart representing manufacturing steps in gear manufacturing. 
After turning the blank into the required diameter, the teeth are generated by hobbing. Thus 
produced gears undergo heat treatment (case hardening) for improving surface hardness and 
also to gain compressive residual stresses. The details regarding heat treatment cycles are 
discussed in the subsequent section. Nevertheless, surface distortions are created as a result of 
heat treatment and quenching. Due to the alterations in microgeometry the degree of contact 
stresses can increase up to 5 – 10%  [79]. Therefore, as a last step, gears are usually hard finished 
to attain required geometrical tolerances. The gears used in this thesis study were hard finished 
by means of three different processes. One set of gears were hard finished by generating 
grinding that produced a surface with a Ra value (arithmetic average height) of 0.3 µm. These 
stages were common for all gears. Additionally, one set was honed and one was superfinished. 
The respective Ra values for the two later conditions were 0.16 and 0.08 µm.  The three gear 
sets are referred with respect to the final finishing process, namely ground, honed and 
superfinished. The topographic features and residual stresses set by these finishing processes 
are considered to have a significant influence on the contact fatigue. 
The spur gears used in this study were made from two different alloy steels; DIN 16MnCr5 and 
DIN 17NiCrMoS6-4. The nominal composition of these steels are presented in Table 2.  
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Table 2. Nominal chemical composition (in wt %) of the alloy steels 16MnCr5 and 
17NiCrMoS6-4 
 C Si Mn Cr P S Ni Mo Fe 
16MnCr5 0.13-
0.19 
0.15-
0.40 
1-
1.30 
0.80-
1.10 
≤ 0.035 0.020-
0.040 
- - bal 
17NiCrMoS6-4 0.14-
0.20 
≤  0.40 0.60-
0.90 
0.80-
1.20 
≤0.025 0.020-
0.040 
1.20-
1.50 
0.10-
0.20 
bal
m 
 
In service, gears typically experience bending stresses at the root of the tooth and shear stresses 
on the flank surfaces. Cyclic events of these stresses can lead to two different failure 
mechanisms: 
 fatigue crack initiation at the root of tooth 
 surface and subsurface contact fatigue cracks  
To restrain these mechanisms, the steel should be enriched with enhanced toughness in the core 
and a hard, wear resistant surface at the case [80], [81]. These properties can be embedded into 
the steel through heat treating either by through-hardening or by case-hardening. Case-hardened 
gears possess higher load carrying capacity compared to through-hardened gears [82]. Figure 
19 depicts the specific heat treatment cycles followed for carburization case-hardening process. 
After tempering, the gears attain a case depth of about 1 mm with 0.8wt% carbon content at the 
surface. Regarding microstructure, martensitic structure is obtained, but with approximately 
20% retained austenite (for the case-hardened steels in this study).  
 
Figure 19. Heat treatment process followed for case hardening the gears used in this study. 
 
 
 
 
 33 
 
8 Experimental details and analysis techniques 
In this section a detailed description of the test rig and procedures used for testing gears are 
provided. Also, the analytical methods employed to study the gear surface are presented.  
8.1 Back- to- back test rig 
The FZG back-to-back gear test rig at KTH, see Fig. 20, was used throughout this research 
work. It consists of two gearboxes, slave and test gearbox. Two shafts are used to connect both 
the gearboxes by connecting gear to gear and pinion to pinion, thus forming a power loop. The 
power loop is driven by a motor that is connected to the slave gear box on gear side. Any losses 
occurring in the loop due to friction are measured by a loss torque sensor which is situated 
between motor and slave gearbox. Additional power needed to compensate energy losses during 
testing is constantly supplied by the motor. Static torque is applied to the system by twisting 
the torque clutch with the help of lever and dead weights. Gears with the same geometry were 
used in both the slave and test gearbox for running-in and efficiency testing. Similar test rig 
located at Scania CV AB was used for micropitting tests. However, for micropitting tests helical 
gears were used in the slave gear box.  
 
Figure 20.  Schematic of FZG back-to-back gear test rig (Paper II). 
8.1.1 Running-in  
To study the effect of running-in process, load and speed were selected as experimental 
parameters. The running-in cycles were 20880 revolutions of the wheel, as a standard for FVA 
efficiency test procedure [83]. Two different loads of 302 or 94 Nm (referred as load stage 5 
(LS5) and load stage 9 (LS9), respectively, according to FZG manual guide [83] were used. 
The speeds (0.5 and 8.3 m/s pitch velocities corresponding to 87 and 1444 rpm of the wheel) 
were used for investigation. In case of ground and superfinished gears the running-in tests were 
performed only at low speed, while honed gears were tested at both the speeds. The gears were 
fully dipped in a synthetic polyalphaolefin (PAO) lubricant controlled at 90 °C.   
8.1.2 Efficiency testing 
The efficiency testing following after running-in consisted of 32 different conditions, i.e. four 
loads and eight speeds. The test started with an inside power loop torque of 0 Nm, sweeping 
through speeds of  0.5, 1, 2, 3.2, 8.3, 10, 15 and 20 m/s pitch velocity for 5 minutes at each 
speed, using the same lubricant and temperature control as in the running-in procedure. Once 
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the highest speed was tested, the same speeds were swept at 94 (LS5), 181 (LS7) and 302 (LS9) 
Nm. This amounts to 208800 revolutions. The temperature was maintained at 90°C or 120°C.  
Noteworthy that all the running-in and efficiency tests were performed by twin PhD student 
(M. Sosa) at KTH. All the surface and material characterization of the tested gears were 
performed by the author. It is important to note that new pair of gears were used in each test 
and all the analyses have been done on the driven gear wheel. 
8.1.3 Micropitting testing 
To systematically follow the evolution of micropitting and corresponding changes in surface 
characteristics, 12 gear pairs belonging to the same batch were tested to different length, from 
200 to 2.6×107 cycles in a sequence with logerthermic increment. The full details of test matrix 
can be found in the appended paper VI. All these tests were carried out with a set torque of 
239.3Nm corresponding to 2.4GPa Hertizan pressure at pitch. The speed of the wheel was 1500 
rpm and the temperature of the lubricant (75W-80 MTF) was maintained at 85°C. It should be 
noted that the last test in the matrix, which was planned for 2.6 x 107 cycles of the wheel was 
stopped after 2.2 x 107 cycles due to heavy vibrations created by severe pitting. 
The micropitting tests were performed by the author, along with master thesis student (V.M. 
Subbaramaiah Naidu) at Scania CV AB, Södertälje.  
8.1.4 Gear geometry 
Standard FZG C-PT type spur gears modified with tip relief were used for running-in and 
efficiency testing, and FZG C-PTX type spurs gears were used for the micropitting tests. The 
geometrical characteristics of the tested gears are presented in Table 3.  
Table 3. Geometrical parameters of tested gears 
 FZG C-PT FZG C-PTX 
Material  16MnCr5 17NiCrMoS6-4 
Center Distance, a (mm) 91.5 91.5 
Module, m (mm) 4.5 4.5 
Pressure angle, α (°) 20 20 
Pinion   
No of teeth Z1 16 16 
Face width, b1 (mm) 14 14 
Pitch diameter, dw1 (mm) 73.2 73.2 
Tip diameter, da1 (mm) 82.45 82.45 
Tip relief  Ca1 (µm) 20 - 
Root relief Cf1 - - 
Wheel   
No of teeth Z2 24 24 
Face width, b2 14 14 
Pitch diameter, dw2 (mm) 109.8 109.8 
Tip diameter, da2 (mm) 118.35 118.35 
Tip relief Ca2 (µm) 20 50 
Root relief Cf2 (µm) - 50 
Crowning Cb2 (µm) - 30 
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8.2 Microstructure characterization  
8.2.1 Scanning electron microscopy (SEM) 
The scanning electron microscopy (SEM) is a resourceful technique for characterizing materials 
in different aspects. Its high spatial resolving capabilities (1-5 nm) and depth of field helps to 
explore finer details present in bulk object. The schematic, illustrating the working principle of 
SEM instrument is shown in Fig. 21. The beam of electrons emitted from the electron gun is 
focused down to nanometer width on to a sample surface by using condenser and objective 
lenses. The interaction of electrons with surface results in a “pear” shaped interaction volume 
[84], from which back scattered electrons, characteristic X-rays and secondary electrons are 
emitted. Thus emitted electrons and X-rays are then detected by using different detectors. The 
size of interaction volume is dependent on the accelerating voltage and sample density, but 
typically of the size of up to 1 µm for the X-ray emission.  
 
Figure 21. Working principle of a scanning electron microscope.  
The instrument used in this work was a LEO Gemini 1550 equipped with field emission gun. 
Surface structure can be resolved down to the order of 10 nm or better by using secondary 
electrons [85]. Hence, these electrons were used for imaging both surface topography and 
microstructural features. The image of topography can be enhanced by limiting the beam 
interaction to a region very close to the sample surface. This is achieved by using low beam 
energies i.e. in the range between 5 keV to below 500 eV. Therefore, an accelerating voltage of 
5 keV was used for all the microscopic investigations. Prior to topographical studies, the gear 
teeth samples were dipped in a solution of xylene for about 24hrs in order to dissolve all the 
lubricant residues.  
8.2.2 Sample preparation 
To perform microstructural and surface crack investigations by means of scanning electron 
microscopy (SEM), a gear tooth was cut out from the wheel by using mechanical cutting. Some 
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of the individual teeth were sectioned along profile direction and some in axial direction 
(particularly at dedendum). The cross sections were then mounted in a hot resin (Polyfast). 
After mounting, the samples were finished by grinding and final polishing down to 1 µm finish 
using diamond suspension. To delineate the microstructure the polished samples were chemical 
etched by using either 1.5% Nital or a mixture of 2%Nital and 4% Picral.  
Since the details at the surface of the tooth are of the greatest importance, some samples were 
nickel plated prior to mounting in order to prevent edge retention during grinding and polishing. 
Nickel plating was performed by using 20-25% NiSO4 – 10% NiCl2 solution as electrolyte and 
pure nickel plate as anode. The cross sectioned samples were dipped into the electrolyte solution 
that was maintained at a temperature of 50°C. A constant voltage 2.9 V was applied between 
sample and nickel plate for around 90 min. The thickness of the plating is directly proportional 
to the time. 
8.2.3 Transmission electron microscopy (TEM) 
Typical operating voltages used in transmission electron microscopy (TEM) are in the range of 
100-300 kV, which is much higher in comparison to a maximum voltage of 30kV used in SEM 
[86]. The construction of TEM typically consists of the electron gun, electromagnetic lenses 
and a viewing screen, which are all enclosed in a vacuum system. The lenses are separated 
based on their placement i.e., pre-specimen lenses or post-specimen lenses [87]. The electrons 
from the electron gun passes through the pre-specimen lenses, which include one or more 
condenser lenses and form the initial beam that targets the very thin specimen (thickness < 200 
to 300 nm). Thus the electrons undergo several interactions with the specimen, and as a result, 
some electrons are diffracted (based on the periodic array of the atomic planes) and some still 
remain parallel to the direction of the incident beam. These interacted electrons are then passed 
through a series of post-specimen lenses that include objective lenses, intermediate lenses and 
a projection and finally produce a magnified image either on a fluorescent screen, photographic 
film or on a CCD camera. The images formed based on transmitted electrons and diffracted 
electrons are referred to as bright-field and dark-field image respectively. The TEM used in this 
work was a JEOL 3000 operated at an acceleration voltage at 300 kV, located at Technical 
University of Denmark (DTU). 
8.2.4 Sample preparation for TEM 
In this research work, the TEM analyses were used for characterizing the thin deformation 
bands that are often found in connection with the micro-cracks. Since, these bands are seen on 
cross-sections and found only after etching, site specific preparation is essential. Hence, in-situ 
lift out technique by means of focused ion beam (FIB) milling was used to prepare electron 
transparent foil for TEM investigations. The equipment used was a FEI Helios NanolabTM 600 
dual beam microscope at DTU.  
Once the site of interest with deformation bands was selected, the surface was deposited with 
thin layer of Pt (c.f. Fig.22b) in order to protect the microstructure from ion milling. Then, the 
material was removed by ion milling down to a depth of approx. 20 µm on both sides of the Pt-
protected area with a thickness around 1 µm (c.f. Fig.22c). Thereafter, this foil was further 
thinned to ~ 500 nm (c.f. Fig.22d), lifted and attached to a Cu grid, and further thinned to 100 
nm for the TEM observation. 
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All the TEM analyses and associated sample preparation presented in this thesis study were 
performed by Xiaodan Zhang (co-author of paper V) at DTU (Technical University of 
Denmark).  
 
Figure 22. FIB sample preparation a) selecting site of interest, b) Pt-deposition on selected area 
for protection, c) removal of material adjacent to the area of interest d) further thinning to < 100 
nm.   
8.3 X-ray diffraction 
In this study, both residual stresses and retained austenite were determined by using X-ray 
diffraction analysis. 
8.3.1 Theoretical background of X-ray diffraction – Residual stress 
measurements 
In 1912, English physicists, W.H. Bragg along with his son W.L. Bragg developed an 
expression (referred as Bragg’s law), see in equation 8.1, to elucidate why the periodic atomic 
planes of crystals diffract X-ray beams at certain angles of incidence θ.  
nλ  ൌ  2݀௛௞௟ sinθ                                                                                                                           8.1                        
In equation 8.1, λ is the wavelength of the X-ray, dhkl is the interplanar spacing of the reflecting 
planes, θ is the reflection angle and n is an integer number [88]. Stress is an extrinsic property 
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and cannot be measured directly. Therefore, elastic strain is measured and computed into stress 
by using values of elastic constants. Strain free crystalline material with defined inter-planar 
spacing produces a characteristic diffraction pattern when exposed to X-rays [88]. Under the 
influence of external forces, the inter-planar spacing dhkl of the crystal lattice will change, which 
in turn causes a shift in diffraction pattern. This shift can be captured by using equation (8.2), 
which in its differentiation form yields: 
∆ߠ  ൌ   ି∆ௗ೓ೖ೗ௗ೓ೖ೗  ݐܽ݊ߠ                                                                                                                8.2   
Thus by measuring the shift ∆θ, the elastic strain i.e. ∆ dhkl / dhkl within the material is estimated 
and thereby the associated stress value can be determined. Figure 23 depicts the mathematical 
relationship between interplanar spacing and elastic strain. A plane stress condition is assumed 
in the surface layer exposed to X-ray radiation. This means, the stress (σ3) perpendicular to the 
surface is supposed to be zero. However, the strain (ε3) component is not equal to zero due to 
Poisson’s contractions created by principle stresses, and it can be obtained from equation (8.3) 
as follows: 
ߝଷ  ൌ   ௗ೙ିௗబௗబ                                                                                                                              8.3 
where dn is strained inter-planar spacing measured from peak shift and do is unstrained inter-
planar spacing. Of course, it is also possible to measure the planes oriented at different angles 
of ψ by simply scanning the specimen for various tilt angles. The strains for lattice planes with 
respect to angles ψ and ϕ [89] can be expressed as: 
ߝథట  ൌ   ௗഝഗ ିௗబௗబ                                                                                                                       8.4 
 
Figure 23. Schematic showing plane stress condition at the surface, σ3 = 0. Whereas both σ1 
and σ2 lie in the plane of the surface. 
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From Hooke’s law, which relates the elastic stress – strain of an isotropic solid material, the 
strain εϕψ along ψ and ϕ angles [89] is given by: 
ߝథట  ൌ   ௗഝഗ ିௗబௗబ ൌ   ቂ
ଵା௩
ா  ߪథ ݏ݅݊ଶ ߰ቃ െ ቂቀ
௩
ாቁ ሺߪଵ ൅ ߪଶሻቃ                                                8.5 
where υ is Poisson’s ratio, E is the modulus of elasticity. By rearranging equation (8.5), we get: 
݀థట  ൌ   ቂቀଵା జா ቁ ߪథ݀଴ݏ݅݊ଶ ߰ቃ െ ቂቀ
௩
ாቁ ݀଴ሺߪଵ  ൅  ߪଶሻ ቃ ൅ ݀଴                                             8.6                        
Equation (8.6) shows the linear relationship between lattice spacing ݀థట and sin2ψ, and by 
measuring lattice spacing at multiple ψ tilt angles, the surface residual stress ߪథcan be 
determined by calculating the slope of a line fitted between dϕψ and sin2ψ as shown in eq. (8.7): 
ߪథ ୀ ாଵାజ ൈ 
ଵ
ௗబ   ቀ
డௗഝഗ
డ௦௜௡మ టቁ                                                                                                             8.7 
However, the value of d0 is generally unknown, but because the Young’s modulus is much 
greater than the summation of principal stresses (E>> ߪଵ  ൅ ߪଶ), the d0 can be substituted by 
the interplanar spacing value measured at ψ = 0 (dϕ0) with less than 1% inaccuracy [89]. The 
technique, where multiple ψ tilts are used to determine ߪథ is popularly known as the “sin2ψ 
technique”. An example of graph recorded in this thesis study using sin2ψ technique is shown 
in Fig. 24. 
 
 
Figure 24. The dϕψ Vs sin2ψ plot (recorded in this work). 
In this work, the residual stresses were performed on a XSTRESS 3000 G2R with CrK X-ray 
source. Five equi- sin2 (ψ) tilts from -45/+45 and lattice deformations for {211}α –Fe peak 
were used for determining the stress values. To measure surface residual stress, X-rays were 
irradiated through either a circular 3mm or 2mm collimator respectively.  
8.3.2 Gear flank mapping for surface residual stress measurements 
Measuring residual stress on involute gear teeth is complex and there is a high risk for 
interference of incident and diffracted beam by the adjacent teeth. In order to avoid these 
complexities, gear tooth was cut out from gear wheel by mechanical cutting. The stresses were 
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measured both in the profile and axial direction of the gear tooth. Due to contact mechanics, 
see Fig. 25, regions of gear flank experiences different kinds of stresses. Pure rolling exists 
along the pitch-line, positive sliding along the addendum and negative sliding along the 
dedendum regions [90]. To evaluate the effect of contact stresses separately, residual stresses 
were measured along three different lines in profile direction, and at three positions along each 
line in axial direction. The exact positions for the measurements along with their designations 
are illustrated in Fig. 26.  
 
Figure 25. Contact conditions of sliding and rolling between gear pair. 
 
Figure 26. Gear tooth mapping for surface residual stress measurements. 
8.3.3 In-depth measurements 
It is a well-known fact that the average sampling depth of X-rays (used in XRD), which is 
defined as the distance from the surface where 63% of the diffracted intensity originates [91], 
is limited to the outer few micrometers. The important factors that influence the penetration and 
escape depths of X-rays is the attenuation coefficient of the material and dimensions of the 
irradiated beam on the analysing surface. According to [91], the penetration depth “ݔ” can be 
estimated by using the expression: 
ݔ ൌ   ଵଶஜ   ݏ݅݊ߠ ܥܱܵψ                                                                                                8.8 
where, µ is the attenuation coefficient (~ 0.08733/m for iron base materials w.r.t Cr-k source), 
ψ is the tilting angle of the X-ray beam and ߠ is the diffraction angle. Based on the above 
equation, the mean penetration/sampling depth ( ψ  is 33.21°) for iron base materials is around 
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5 µm. This leaves us with no option other than removing the surface material for measuring 
subsurface stresses.  
In this thesis study, electrochemical etching was used to expose subsurface for measuring 
residual stresses. A 3M NaCl solution was used as electrolyte. The experimental setup with 
electrochemical cell used for etching is shown in Fig. 27. The gear tooth is turned into anodic 
surface by connecting it to the positive charge. A pencil shaped cathode connected to negative 
charge is placed over the gear tooth surface to be etched. Etching was carried out by applying 
a voltage and the material was removed through dissolution of the surface material in the 
electrolyte.  
Similar to surface stress measurements the sub surface stresses were also measured along three 
different lines in profile direction. However, due to geometrical restrictions only one position 
along axial direction was measured. The exact locations for the subsurface measurements along 
with their designations are illustrated in the Fig. 28. The material was removed in a circular 
area of diameter 3.5 mm and a collimator with diameter 1.5 mm was then used for irradiating 
X-rays. 
 
Figure 27. Experimental setup with electrochemical cell used for etching. 
Obtaining a flat and smooth surface for every etching step is highly essential for accurate stress 
measurements and achieving this on involute 
profile is very difficult. Therefore, a special 
tool holder was designed (Fig. 29) to make 
the confined circular region horizontal for 
etching. To etch, the gear tooth was first 
fixed over involute base tooth rest. The 
surface to be etched was brought to flat 
position by locking the tooth rest arm in a 
specific hole present in the adjacent block. 
For example, to etch the tip surface, the tooth 
rest arm is locked in the hole designated as Figure 28. Gear tooth mapping for subsurface 
stress measurements. 
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tip. The holes on the adjacent block were made at specific angles that were calculated with 
respect to involute profile.  
 
Figure 29. Specially designed tool holder for etching involute gear tooth (developed in this 
thesis study). 
After every step of etching, the etch depth and roughness of the etched hole were confirmed by 
stylus profilometer. An example of the etch depth measurement is shown in Fig. 30.  
 
Figure 30. Etch depth verification measurement (recorded in this thesis study). 
 43 
 
8.3.4 Retained austenite measurements 
Retained austenite measurements were performed by using XSTRESS 3000 G2R. In this 
technique, the integrated intensity of the austenite and ferrite (martensite) peaks were measured 
first by using the diffraction planes {200}ᵧ, {220}ᵧ and {200}α, {211}α. Then by comparing 
measured integrated intensities with theoretical intensities, the volume fraction of retained 
austenite is determined according to the equation 8.9. The detailed derivation to the equation 
(8.9) is found elsewhere [92]. 
ఊܸ ൌ ቎ሺ1 െ ݒ௖ ሻ
భ
೜ ∑ ቆ
಺ംೕ
ೃംೕቇ
೜
ೕసభ
భ
೜∑ ൬
಺ഀ೔
ೃഀ೔൰ା
భ
೜ ∑ ቆ
಺ംೕ
ೃംೕቇ
೜
ೕసభ  ೛೔సభ
቏                                                                                          8.9 
In eq. 8.9, Iγ is the integrated intensity for the austenite peak, Iα is the integrated intensity for 
ferritic/martensite peak and ݒ௖  is the volume fraction of the carbides present. The parameter R 
is theoretical integrated intensity for each phase and is dependent on parameters such as 
interplanar spacing, Bragg angle, crystal structure and phase composition. The influence of 
carbides is normally small and can be neglected. For measurements, the exposure time was set 
to 30 sec with an inclination of +45° and scanning ± 85° with 15 steps. For in-depth analysis, 
same etching procedure as used for stress measurements was followed.  
8.4 X-ray photoelectron spectroscopy 
X-ray photoelectron spectroscopy (XPS) is a surface sensitive technique that is based on the 
photoelectric effect [93]. The working principle involves irradiating the material with a 
monoenergetic beam of X-ray photons having energy hυ. Thus interacted X-rays with surface 
region causes emission of so called photoelectrons i.e. photo emission. The kinetic energy and 
the intensity of the emitted electrons are then measured by using a detector. Thereby, the 
binding energy which is unique for each element is derived from the expression: 
ܤܧ ൌ  hυ െ KE െ φ                                                                                                                  8.10 
where, BE is the binding energy of the emitted electron, KE is the kinetic energy and φ is the 
spectrometer work-function. 
In this study, surface chemical analysis and compositional depth profiling of the gears tested 
for different conditions were performed by means of XPS combined with argon ion etching. 
The XPS spectra were obtained by using both a PHI 5500 spectrometer and PHI 5000 
Versaprobe III Scanning XPS Microprobe, operated with monochromatic Al Kα (1486.6 eV) 
source. For the measurements, a tooth from the gear wheel was cut out. Before introducing into 
the vacuum chamber, gear tooth was cleaned with xylene for 5 minutes in ultrasonic bath and 
then with ethanol for 5 more minutes. Argon ion etching was employed for depth profiling with 
etch rate as calibrated on Ta2O5. Both survey spectra and high resolution spectra for specific 
elements were acquired at each depth. An important characteristic of XPS is the capability of 
depicting the chemical state of the elements from the high energy resolution positioning of the 
characteristic BE energy peaks for the elements. This allows for example to distinguish to what 
extent Fe is present in oxide state compared to its metallic state or if e.g. oxygen is present in 
the form oxide (O2-) or hydroxide state (OH-). 
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According to the instrument setup, both the X-ray source and spectrometer axis are positioned 
at an angle of 45° with respect to the normal of the sample surface. However, this setup is true 
only for the flat surface samples. Gear tooth secured to the specially designed holder (surface 
profile remains same for every gear tooth) gave a surface profile that is only flat at dedendum 
region, see Fig. 31. Therefore, to ensure same photoelectron emission angle and etch rate for 
different regions of a gear tooth, the stage remained unchanged for analysing dedendum, tilted 
to 11° for analysing pitch region and 25° for analysing tip surfaces. The tilt direction is shown 
in Fig. 30.  
 
 
Figure 31 – Gear tooth setup for XPS analysis (developed in this thesis study). 
A stainless steel mask with similar involute shape was attached to the tooth flank. Circular holes 
with 3 mm diameter positioned at the centre of face were made on separate masks at all three 
regions. The main purpose of the mask was to protect the surface outside the intended analysis 
area while ion etching. Secondly, it ensures the reproducibility of measurement location for 
comparing different test conditions.   
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9 Summary of results and discussion 
The performance of the gears highly relies on the surface integrity characteristics such as 
topography, residual stresses and microstructure that are generated by hard finishing processes. 
In addition, the contribution of tribo layers from lubricant additives should also be considered. 
Nevertheless, every finishing process produces unique characteristics, which responds 
differently to the operating conditions, and in turn influences the surface integrity of gears 
accordingly. In this context, a detailed investigation has been performed to understand the 
variances in surface characteristics generated by ground, honed and superfinished gears and 
their evolution with respect to testing. In addition, micropitting mechanism related to 
microstructural changes was also studied in detail. In the forthcoming section, a short summary 
of key results along with the discussion is presented.  
In this study, the evolution of surface characteristics was characterized in a holistic way by 
combining different analytical techniques such as XRD, LOM, SEM, TEM and XPS. The 
advantage of combining techniques is that the evolution of individual characteristics and 
correlation between them can be explored in detail.  
9.1 Surface integrity characteristics of as-manufactured 
gears 
In this section the following research question will be addressed. 
 What are the differences in surface characteristics generated by different finishing 
methods; ground, honed and superfinished?  
Before going into details regarding surface integrity characteristics, it should be noted that all 
the gear were first hard finished by grinding. Then, after grinding, one set of gears was honed 
and one set was superfinished. For details, see chapter 7.  
The characteristic micro topographical features such as lay and roughness are totally dependent 
on the final hard finishing process applied. Figure 32 shows dedendum surface topography of 
differently finished gears. Gear surface finished by grinding process generated roughness lay 
parallel to the axial direction and the orientation of lay is uniform all over the surface i.e. at tip, 
pitch and dedendum. While, for honed gears, the lay orientation is different at different regions 
(not shown here). The lay orientation is similar to ground gear at pitch surface. However, at the 
tip and dedendum surface the lay is oriented at an angle with respect to the pitch surface, but in 
an opposite direction. For the detailed image, see Fig. 1 in the appended paper III. Irrespective 
of the orientation, the lay of both honed and ground gears consist of adjacent peaks and valleys 
with irregular surface asperities. These surface peaks with asperities determines the real contact 
area, and thereby acts as localized stress raisers. This in turn influences the surface integrity, 
and ultimately contact fatigue. On the other hand, superfinished gear tooth surface is smoother 
and has no roughness lay and asperity peaks. However, irregular isotropic grooves are present 
all over the surface.  
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Figure 32. Surface topography of as-manufactured ground, honed and superfinished gears at 
dedendum. 
Residual stresses plays an influential role in enhancing the fatigue life of gears. It is a well-
known fact that presence of tensile residual stresses are undesirable, while compressive stresses 
are beneficial for fatigue.  
 
Figure 33. Surface residual stresses of as ground, honed and superfinished (paper IV).  
In general, mechanical treatments employed after the carburizing and hardening processes 
influences the residual stress levels. For example, stresses developed during grinding process 
can be compressive or tensile depending upon the operating conditions used [94]. Therefore, 
one should be aware of the stress levels induced by hard finishing prior to the testing. Figure   33 
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shows residual stress distribution over gear tooth surface of different finishing processes. It is 
evident from the figure that the stresses were compressive in both directions and for all the 
finishing methods. However, the honing induced highest compressive stresses followed by 
grinding and superfinishing. Similar levels of residual stresses for ground and honed gears were 
previously reported in a robin study [95]. However, unlike in this study, grinding and honing 
was performed separately after case hardening. The other important observation is that there is 
no significant variation between tip, pitch and dedendum surfaces, and this is true for every 
condition. However, there is a difference in stress levels between directions, and this difference 
is higher for ground gears followed by honed and superfinished. The difference in stress levels 
between finishing methods was not only limited to the surface, but extended beneath the 
surface, see Fig. 34. The major difference is that honing induced compressive stresses to a depth 
of ~ 10 µm, whereas, stresses induced by grinding and superfinishing were limited to the outer 
layers of 5 µm.  
 
Figure 34. Depth profiles of residual stress measured at center of the dedendum.  
Regarding microstructure, the case hardened layer consist of mixed lath and plate martensite 
along with retained austenite. An example of as-ground gear microstructure is shown in Fig.  35. 
It should be remembered that with the aid of an SEM image differentiating retained austenite 
phase from lath and plate martensite is nearly impossible. This differentiation is best seen under 
light optical microscope, for example see Figure 13. However, the retained austenite content 
was characterized by using XRD. The results showed that the retained austenite content of as-
ground gears was around 22 vol%. Interestingly, additional finishing process honing and 
superfinishing decreased the retained austenite levels to about 10 vol% and 18 Vol% 
respectively. This indicates a possible transformation of retained austenite into deformation 
induced martensite. Moreover, the reduction could be further correlated to the noted higher 
compressive stresses, which typically develops as a consequence of volume expansion, which 
takes place during retained austenite transformation [96].  
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Figure 35. Case microstructure of as-ground gear tooth. 
 
Apart from the above 
described characteristics, 
finishing processes also 
created differences in the 
chemistry of surface layers. 
An example of the XPS depth 
profile of an as-ground gear 
tooth is shown in Fig. 34. The 
gear surface was rich in C, O, 
and Fe for all the finishing 
methods (see upper part of the 
Fig. 36). The presence of Fe-
oxide along with alloying 
elements Cr and Mn was 
limited only to a few nm. The 
XPS analysis though 
indicated a possible 
difference in oxide thickness 
with superfinished gear 
having somewhat greater 
oxide thickness. The C was 
mostly removed after first ion etching, hence, it can be attributed to the surface contamination. 
Nevertheless, the main difference comes from the elements that are presumed to originate from 
the tool materials, cutting fluids or liquids used during the finishing operation. The lower part 
of Fig. 36 shows such elements present on as-ground gear tooth. The characteristic elements 
Figure 36. XPS depth profile analysed at dedendum
surface of an as-ground gear tooth (paper II).  
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were S and Si, but minute traces of Ca, N, Al and P were also recorded but in a lower amounts. 
Here, S and P should be noted as they may originate from the additives present in the lubricant. 
Whereas, for honed gears, no traces of S and P were found and the profile did reveal low 
amounts of Si, N and Ca. For the superfinished gears the profile shows the same elements as 
for the as-honed, but just as the oxide was thicker they were present to a larger depth. In 
addition, there was some Al of about 2-3 at% and it is not unreasonable to assume that this 
observation originate from the abrasive slurry used in the superfinishing process.  
9.2 Running-in and efficiency testing 
Running-in process, in general, is known to improve the conformity between mating gears via 
smoothening of asperities. However, it will also affect the microstructure, residual stresses and 
surface chemistry near the surface, factors that will influence the efficiency and durability of 
the gear. Nevertheless, the detailed understanding of how these surface characteristics evolve 
and in turn affects the performance has remained as an open question. In this context, the 
following research questions will be addressed. 
 How will surface characteristics topography, residual stresses, microstructure and 
surface chemistry evolve during running-in for different finishing methods?  
 How is the evolution influenced by the running-in parameters load and speed? 
 How have these characteristics further developed and influences, gear behaviour during 
initial usage, here represented by efficiency testing? 
Before going into details, it should be noted that the running-in cycles were 20880 revolutions 
of the wheel. The following summary is based on the testing that was performed at two different 
running-in loads (0.9GPa and 1.7GPa) with a pitch velocity of 0.5 m/s (corresponding to 87 
rpm of the wheel). For better understanding of the results the detailed test matrix with individual 
test designations is presented in Table 4.  
Table 4. Detailed test matrix with designations 
Running-in Efficiency Test Designation 
LS5(0.9GPa) LS9(1.66GPa) 
x   GRI5 
 x  GRI9 
x   HRI5 
 x  HRI9 
x  x GE-RI5 
 x x GE-RI9 
x  x HE-RI5 
 x x HE-RI9 
x  x SFE-RI5 
 x x SFE-RI9 
 
The designations GRI5 and GRI9 represents running-in tests of ground gears corresponding to 
load stages LS5 and LS9. Similarly, GE, HE and SFE represents efficiency tested ground, honed 
and superfinished gears. The complete formulated test designation, for example, GE-RI5 
indicates efficiency tested ground gears with prior running-in performed with LS5. It should 
also be noted that superfinished gears were examined only after efficiency testing. The 
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influence of higher running-in speed (8.3m/s) was also studied, but for only honed gears. The 
most significant conclusion with respect to speed was that micropitting was enhanced by speed 
more than load.  
The surface asperities were plastically deformed in the direction of sliding during running-in 
and as a consequence, the micropits were formed. As can be expected the deformation was 
higher for higher running-in load, and thus also the micropits formation. The influence of 
running-in load was higher for ground gears that had rougher initial surface compared to the 
honed gears. The efficiency test following running-in continued the trend, and as a result, the 
degree of micropitting was higher for GE-RI9 and HR-RI9 than GE-RI5 and HE-RI5 test 
conditions. Nonetheless, the amount of micropits is nearly identical between HE-RI9 and 
GE- RI5. Moreover, the difference in micropits between HE-RI9 and HE-RI5 is less significant 
compared to the difference in micropitting between GE-RI5 and GE-RI9. As an example, 
stitched SEM micrographs of efficiency tested ground gears are shown in Fig. 37. 
 
Figure 37. Dedendum surface topography of efficiency tested ground gears. “S” indicates the 
sliding direction. The shown stitched SEM images were taken at dedendum surface close to 
EAP (paper IV).  
For superfinished gears, micropitting has not occurred even after efficiency testing. The results 
emphasise that higher surface roughness produced higher amount of micropits. Similar effect 
of roughness on pitting behaviour was previously reported by Muraro et al [39], who performed 
pitting testing with spur gear finished by shaving and milling. They observed that pitting was 
higher for the milled gears that had a higher initial surface roughness and, they attributed the 
better performance of shaved gears to the uniform load distribution and higher λ (specific film 
thickness) values to be achieved due to lower surface roughness. Andersson et al. [97], who  
calculated the λ values of the very same gears presented in this study reported higher values for 
superfinished gears compared to ground gears. This also means that coefficient of friction was 
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higher for ground gears compared to superfinished gears. The conclusion is that the surface 
finish has a significant influence on the initiation and progression of micropitting. Even more 
importantly, the influence of running-in load is more pronounced for gears with higher 
roughness.  
For ground gears, after running-in, the surface compressive residual stresses increased in both 
profile and axial direction. The following efficiency test decreased surface compressive stresses 
in profile direction and increased them in axial direction. As a consequence, the difference in 
stress levels between the directions induced by grinding was decreased. In contrast, running-in 
decreased the surface compressive residual stresses in both directions for honed gears. Then, 
the following efficiency testing further decreased the surface compressive stresses in both 
directions, but significantly in profile direction. Moreover, this trend was enhanced by higher 
running-in load. The decrease in profile direction compressive residual stresses of honed gears 
was attributed to maximum load stresses  acting in profile direction created by the combined 
effect of rolling and sliding [98]. The direction of maximum load stresses applied is the same 
for ground gears. Still, the stress alteration pattern is different from that of honed gears. This 
shows that evolution of residual stresses is also dependent on initial stress state. On the other 
hand, the influence of retained austenite content and its transformation on residual stress 
evolution should not be neglected. After efficiency testing, the retained austenite content has 
reduced both in ground and honed gears. Importantly, the reduction was higher for higher 
running-in load conditions. Shaw et al. [99] reported the transformation of half of the initial 
retained austenite (which was about 60%) to deformation induced martensite in ground gears 
after testing for 32 million cycles. It was suggested that the austenite transformation, increased 
the surface compressive residual stresses in both directions, but significantly in axial direction. 
Also, in the present study for ground gears, compressive stresses increased in both directions at 
least after running-in. Although, the retained austenite content has not been characterized after 
running-in, it is not unreasonable to assume that the actual transformation might have happened 
during the very initial cycles of testing. This behaviour of early transformation was observed 
by the author, for details refer appended paper VI. In short, the increase in stresses in both the 
directions could be attributed to retained austenite transformation. Once this has happened and 
also the initial deformation of asperities, the maximum load stress acting in the profile direction 
might come into play and, hence, the reduction in profile direction stresses. Interestingly, for 
superfinished gears, even after efficiency testing, the residual stresses remained more or less 
same as that of the initial state. This indicates that the initial surface roughness also had an 
impact on the evolution of residual stresses. The evolution of sub surface stresses were also 
characterized and the results showed that the alteration of stresses is confined only to the outer 
most layers of ~ 5 µm in the surface for all the conditions.  
The plastic deformation has also affected the microstructure. After running-in, deformation 
bands were observed near the teeth surface along the profile. These deformation bands were 
prominently seen at the dedendum, where micropitting is severe. This is the case for both the 
ground and honed gears. Though it is hard to quantify, more of these bands were seen for higher 
running-in load condition. Detailed cross-section analyses revealed the association of these 
bands with surface cracks that are known to be connected to surface asperities, for example see 
Fig. 38.  
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Figure 38. Deformation bands associated with cracks, indicated by arrows (paper III).  
The efficiency test following running-in further increased presence of these bands. 
Furthermore, after efficiency testing, the surface cracks were often found in connection to 
plastic deformed regions (PDR) that are always associated with the deformation bands (see 
figure 13 in paper IV for reference). The plastic deformed regions and bands related to surface 
cracks will be discussed in detail in the subsequent micropitting section. Interestingly, none of 
these microstructural changes or surface cracks were observed in superfinished gears even after 
efficiency testing. The observed structural changes can be explained from surface roughness 
point of view, which is higher for ground and honed gears compared to superfinished gears. 
The initial real area of contact between mating gears is small for both ground and honed gears 
due to asperity interaction. This means all the imposed load is carried by the asperities. 
Together, sliding and normal force deform these asperities, but at the same time elevates the 
stress concentration within a narrow region beneath the folded asperities. With continuous 
cyclic loading, the deformation is accumulated leading to the formation of bands that are 
connected to cracks. Clearly, higher running-in load enhances the described phenomena. 
Contrary to this, superfinished gears without asperities possess large real area of contact, which 
means more uniform load distribution and hence no structural changes and cracks.  
Regarding surface chemistry, similar oxides (Fe-oxide), C contamination, N, Al and Si 
distribution remained almost similar even after running-in and efficiency testing. A part from 
these general chemical characteristics, the most interesting elements to follow are P and S as 
they are present in EP additives and expected to contribute to tribo film formation. The S which 
was only found in the as-ground gear, was recorded to similar depths after testing. However, 
the concentration had slightly decreased and the decrease appeared to be enhanced by higher 
running-in load. These observations do not represent any significant changes and it is supposed 
be concluded that S was not active during testing and, hence no contribution in tribo film 
formation. For ground gears, more P from EP additives was observed after running-in. The XPS 
depth profile of P was similar for both running-in loads. However, the concentration for high 
 53 
 
running-in load condition was found slightly higher up to a etch depth of 10nm. A similar trend 
was also observed for honed gears. The P profiles recorded after efficiency testing are shown 
in Fig. 39.  
Figure 39. Phosphorous depth profiles after efficiency test for different conditions (paper IV).  
As seen from the graph, higher P-levels in thicker layers were recorded for ground gears 
followed in order by honed and superfinished gears. However, there is a discrepancy for one 
particular test condition i.e. GE-RI5 that has among the lowest amounts of P for all tests. This 
trend was confirmed on multiple teeth. Contrarily, the running-in load had no major influence 
on the efficiency tested honed or superfinished gears. Calcium, known as detergent additive, 
was also recorded after testing.  The trend with respect to the profile shape was similar to that 
of P but lower amounts. Disregarding GE-RI5, the results show that higher roughness promoted 
the tribofilm formation. 
9.3 Micropitting 
The influence of roughness and running-in load on micropitting phenomena has been discussed 
in earlier sections. Here, micropitting mechanism will be discussed with respect to 
microstructural evolution and, the following research questions will be addressed. 
 Which microstructural changes occur during gear testing? 
 What is the root cause of micropitting mechanism from microstructure prospective? 
To systematically follow the evolution of micropitting and its relation to microstructural 
changes, ground spur gears were tested in a sequence from 200 to 2.2 x 107 cycles at 
logerthermic increment. The tests were carried out with a set torque of 239.3 Nm corresponding 
to 2.4 GPa Hertizan pressure at pitch. This rather high load was selected on purpose to promote 
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the formation of micropits. The speed of the wheel was 1500 rpm and the lubricant temperature 
was maintained at 85°C. The detailed test matrix is shown in Table 5.  
                                              Table 5. Micropitting test cycles (Paper IV) 
S. No Cycles 
 Pinion Wheel 
1 As-ground As-ground 
2 300 200 
3 945 630 
4 3000 2000 
5 9000 6000 
6 3 x 104 2 x 104 
7 9.45 x 104 6.3 x 104 
8 3 x 105 2 x 105 
9 9.45 x 105 6.3 x 105 
10 3.24 x 106 2.16 x 106 
11 9.48 x 106 6.32 x 106 
12 3.3 x 107 2.2 x 107 
 
As known, the surface lay of as-ground gear tooth consists of adjacent peaks and valleys with 
irregular surface asperities. These asperity peaks were plastically deformed in the direction of 
sliding during testing and, the deformation was evident already after 200 cycles, which are the 
shortest cycles employed in the test matrix. Therefore, it should be remembered that the actual 
asperity deformation might have started even earlier than 200 cycles. For example, Sosa et al. 
[100] performed detailed analysis of the running-in of ground gears using in-situ profilometer 
measurements. In that study, 44 cycles were reported as run-in cycles required for surface 
transformation with respect to roughness. Returning to the tests performed in this thesis study, 
the evolution of micropitting can be outlined as follows. Considering the deformed asperities, 
these tended to cover the adjacent valleys and this trend continued with further testing. The 
asperities that cannot accommodate any further deformation started to break off leaving a 
micropit. This was first noticed for the 2000 cycles tested gear tooth. The micropitting then 
progressed with further testing along with the smoothening of asperities. Tough it is hard to 
quantify significant amount of micropits with larger size (> 20µm) was noticed after 2 x 104 
cycles, see Fig. 40. The surface smoothening and growth of micropits continued further with 
increasing number of cycles and as a consequence the grinding lay disappeared (at least at 
dedendum) after 6. 32 x 106 cycles (for reference see Fig. 6 in appended paper VI). Later, the 
micropits developed into macro-pits. To conclude, asperity deformation has smoothened the 
tooth surface, but at the same time initiated micropits in less than 2000 cycles.  
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Figure 40. Dedendum surface topography after 2000 and 2 x 104 cycles. 
The testing also induced changes in the residual stresses. Figure 41 shows the residual stresses 
induced by grinding and corresponding evolution during testing.  
 
Figure 41. Evolution of surface residual stresses at dedendum for different test cycles of the 
spur gear testing. Note that the stress in as-ground gear tooth is represented as “0” cycles. Note 
that the maximum statistical error of these measurements was ± 20 MPa (paper VI) 
The non-equal biaxial stresses induced by grinding has adopted to similar levels between 
directions within 2000 cycles. Prior to this, the compressive residual stresses were first 
increased in both the directions after testing for 200 cycles, and more so for the axial direction. 
Then, the profile direction compressive residual stresses progressively decreased slightly, while 
compressive stresses in axial direction slightly increased. The stresses then reached to similar 
levels at around 2000 cycles and remained more or less unchanged until 6.3 x 10^4 cycles. With 
further testing, the profile direction compressive stresses decreased significantly with increase 
in test cycles, while the axial direction stresses remained basically unchanged. This again 
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created a difference in stress levels between directions, but opposite to that of the as-ground 
surface. Still, the stress evolution was confined only to the surface zone of ~ 5 µm.  
The plastic deformation of asperities also affected the microstructure. The initial retained 
austenite content of about 20 vol % was decreased to 17 vol % within 200 cycles. During the 
same number of test cycles, the compressive residual stresses also increased in both directions, 
but mostly in axial direction. In both cases the changes were confined only to the surface layer 
~ 5 µm. Thus, it is reasonable to assume that the retained austenite has transformed into 
deformation induced martensite, which creates volume expansion and as a result the 
compressive residual stresses were enhanced in the matrix [96]. Then, the austenite content 
remained unchanged until 2 x 105 cycles. It then further decreased from 17 vol % to ~ 14 vol% 
and from ~ 14 % ~ 12 % after testing for 6.3 x 105 cycles and 6.32 x 106 cycles respectively, 
see Fig. 42. Considering the changes in austenite content during the testing, the stress evolution 
characteristics can in some way be connected. As said, after 200 cycles the compressive residual 
stresses tended to decrease and particularly so in profile direction, but remained unchanged for 
tests between 2000 and 6.3 x 104 cycles. This relaxation of compressive residual stress in profile 
direction could be attributed to the maximum load stress acting in profile direction, micropits 
and microcracks. 
 
Figure 42. Surface retained austenite content at dedendum for different test cycles (paper VI).  
Apart from retained austenite transformation, the etched cross sections revealed plastically 
deformed regions (PDR) with no initial characteristic martensite laths or plates, see Fig. 43a. 
These regions were discontinuous and most prominently seen at dedendum where micropitting 
occurred. In line with the asperity deformation, plastically deformed regions were also present 
already after 200 cycles. In addition, thin deformation bands associated with plastically 
deformed regions were also observed, but only after 2000 cycles. These bands were mostly 
found beneath the plastically deformed regions. However, they were also found independently 
both at the very surface and beneath the surface, see Fig. 43b. An image illustrating PDR 
(encircled) and deformation bands (indicated by orange arrows) is shown in Fig. 42a. 
Importantly, the cracks were found in association with these two microstructural changes; PDR 
(see red arrow in Fig. 43a) and deformation bands (see red arrow in Fig. 43b). 
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The detailed structure of a PDR region associated with a crack is shown in Fig. 44. As can be 
seen, the initial hierarchical lath martensite deformed and reoriented parallel to the sliding 
direction. Importantly, the thickness of lamellar deformed structure (see orange arrows in 
Fig.  43) continued to decrease in the sliding direction and disappeared towards the end 
indicating severity of deformation. 
 
Figure 43. Microstructural changes associated with micropitting after 6.3 x 105 cycles a) and 
6.32 x 106 cycles b). Encircled region illustrate PDR, orange arrows illustrate deformation bands 
and red arrows indicate cracks (Fig. 43a is from paper VI and 44.b is complementary figure 
prepared by author for thesis).  
Consequently, micro-cracks might have initiated at the end where accommodation of any 
further deformation might become increasingly difficult with repeated cyclic contacts. 
However, the local hardness variations might also be responsible for crack initiation. This type 
of reorientation process to form lamellar deformation structure has been frequently observed in  
other lamellar structures such as pearlite with alternating ferrite and cementite lamellae [101] 
[102]. However, further TEM investigations are needed to reveal the true morphology of the 
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observed lamellar deformation in order to see the similarities or differences in comparison to 
surrounding deformed bands.  
 
Figure 44. Back scatter electrons image showing the detailed structure of the PDR region, which 
has a typical lamellar structure at the surface with reducing lamellar thickness in the direction 
of sliding (paper VI). 
To reveal the true nature of deformation bands including the crystallographic and dislocation 
structures an area with parallel lamellae orienting perpendicular to the surface was selected 
from the SEM observation and a foil with a thickness of 100 nm has been taken out by FIB in-
situ lift-out technique (for more details see appended paper V). The TEM analysis showed that 
the deformation bands are connected to thin martensite lath lamellae (in nm range) with epsilon 
carbides precipitated at the lath boundaries. Such  lamellae with no or less epsilon carbides 
within the lath seems to be more prone to local deformation as they offer least resistance to 
gliding compared to the coexisting adjacent coarse lath structure with internally precipitated 
epsilon carbide. The trace analysis also showed that these deformed thin lath lamellae are 
parallel to the {110} slip plane, which is the most common slip plane for bcc steel. In addition, 
the dislocation density of thin lath martensite was above the normal range, and the dislocation 
morphology in the martensite showed a typical deformation configuration with dislocations 
bulging from the martensite/carbide interface, see Fig. 45. This characteristic deformation 
behavior is quite different from the typical deformation of lath martensite without precipitated 
carbides at the lath interfaces, which transforms into a cell block structure when experience 
small to medium strains and then refines further with increasing strain [103].  
Based on the observations with respect to the evolution of surface integrity characteristics, the 
micropitting mechanism has been divided into three different stages; running-in, steady 
progression and breakdown. A schematic representation of these three stages is shown in Fig. 
46.  
In short, micropitting was mainly associated with asperity deformation and microstructural 
changes; PDR and deformation bands. Depending upon the operating conditions used, these 
structural changes can develop within 2000 cycles. Therefore, from materials and 
microstructural point of view the running-in period is limited to 2000 cycles for the conditions 
tested. 
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Figure 45. The TEM micrograph a) and associated sketch b), illustrating the dislocation and 
carbide configurations in the matrix and deformation lamellae. The black box indicated as 1 
represents the neighbouring coarse lath martensite matrix, 2 and 3 represent the thin lath 
martensite deformation lamellae. In the sketch, the thick red rods and lines represent carbides 
while the black thin lines represent dislocations. The shown TEM micrograph was taken out 
from the cross-section of the gear tooth that was tested for 6.32 x 106 cycles by FIB in-situ lift 
out technique (paper V).  
 
Figure 46. Schematic representation of the three stages of evolution of surface integrity 
characteristics (paper VI).  
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10 Conclusions 
In the present study, the following concluding remarks can be highlighted. 
Surface integrity characteristics of as-manufactured gears 
 A methodology has been successfully developed to characterize the surface integrity 
characteristics of gears. 
 All the surface characteristics; topography, residual stresses, microstructure and surface 
chemistry differ for gears finished by grinding, honing and superfinishing. 
 Apart from the obvious differences in surface topography owing to finishing method, 
the residual stresses differed the most. The transformation of retained austenite during 
the finishing processes honing and superfinishing induced higher compressive stresses 
compared to the grinding of gears. 
Running-in and efficiency testing 
 The surface characteristics were clearly altered after running-in and efficiency testing, 
but were limited to a depth < 10 µm. The evolution of surface characteristics was 
strongly dependent on the initial state of the characteristics, in particular surface 
topography.  
 Higher running-in load enhanced the smoothening of asperities via plastic deformation. 
However, it also gave more micropits. This trend continued also after identical 
efficiency tests. Still, the influence of running-in load was higher for ground gears that 
had higher initial surface roughness compared to the honed gears. The morphology of 
micropitting confirms that the micropits were associated with deformation of asperities 
in the sliding direction. Superfinished gears with smoother surface produced no 
micropits when tested. This suggests that roughness was of vital importance for the 
initiation and progression of micropitting.   
 The initial residual stress state generated by different finishing methods played an 
influential role in the evolution along with the test conditions. For ground gears, 
running-in process increased the magnitude of surface compressive stresses in both 
profile and axial directions, but the profile direction compressive stress level decreased 
with prolonged testing i.e. the efficiency testing. However, the higher initial 
compressive stresses in honed gears tended to decrease more significantly in profile 
direction and only marginally in axial direction right from the start of running-in and 
after efficiency testing. These trends were enhanced by higher running- in loads for both 
the finishing methods grinding and honing. In the case of superfinished gears, the 
residual stresses remained almost unaltered. This again suggests that the changes in 
residual stresses resulted from the accumulated yielding of asperities. In addition, the 
deformation induced transformation of retained austenite contributed to the evolution 
of residual stresses in ground and honed gears.  
 The concentrated stresses that acted on surface asperities gave rise to localized 
deformation that induced deformation bands into the microstructure. Hence, such 
deformation bands were seen only in ground and honed gears, indicating the significant 
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influence of roughness on such microstructure alteration. The bands appeared already 
after running-in and further developed with the efficiency testing. Most importantly, 
these bands were often found in connection with surface cracks and were promoted by 
higher running-in load.  
 Phosphorous from EP additives was observed on all gears after running-in and 
efficiency testing. Also, the surface content of P was higher for ground gears followed 
by those for the honed and superfinished gears. This is attributed to the elevated contact 
stresses at asperity level.  
 Overall, the results of this study showed that running-in process alters surface 
characteristics that are generated by a hard finishing process and presets the conditions 
for the usage/service. However, the influence of running-in was prominently seen only 
for the rough gear surfaces and this emphasise the roughness or topography as key 
characteristics that influences the performance of the gears.  
Micropitting 
 The SEM investigations revealed the first appearance of micropits on the tooth of the 
gear wheel that was tested for 2000 cycles. Then micropits progressed further with test 
cycles and developed into macro-pits at around 2.2 x 107 cycles.  
 The micropitting initiated as a consequence of deformation of the asperities and 
associated microstructural changes; plastically deformed regions (PDR) and 
deformation bands. The PDR were seen already after 200 cycles, while deformation 
bands appeared after 2000 cycles. Hence, the actual initiation happened already during 
the initial 200 cycles.  
 Detailed microstructural characterization by using TEM revealed that the deformation 
bands were nano-sized martensite laths with dislocations bulging out at the interface of 
martensite/ epsilon carbide precipitated at lath boundaries.  
 The initial retained austenite content was decreased from 20 to 17vol% already after 
200 cycles. This was responsible for an increase in compressive residual stresses during 
the initial 200 cycles.  
 A tribofilm with P supposedly from EP additive was formed on asperities after initial 
200 cycles and remained more or less unchanged until 20000 cycles when the coverage 
increased. 
 The evolution of all the above mentioned characteristics indicates that the surface 
damage is a highly localized phenomena, which emphasise the importance of 
optimizing both surface topography and microstructure in order to avoid or at least to 
minimize the local impact. 
 All in all, the current study showed that surface characteristics, in particular 
microstructural changes can occur within 2000 cycles, thus defining the running-in 
cycles from materials perspective.  
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11 Suggestions for future work 
Some future recommendations based on the results obtained in this study are as follows. 
 Knowing that the running-in period from materials prospective lasts for only 2000 
cycles, the possibility of gear surface optimization within such short cycles can be 
investigated by varying different running-in parameters (load, speed, time and lubricant 
temperature).  
 Further TEM analysis of deformation bands (for example intersected bands) could 
reveal additional information that might be helpful for better understanding of the 
micropitting mechanism in relation to microstructural changes. 
 Further detailed TEM investigation is also needed to understand the true structure of the 
plastic deformed regions (PDR).  
 Micropitting test on superfinished gears will be of interest in order to understand if there 
are any microstructural changes other than PDR and deformation bands.  
 Synchrotron analysis locally around the deformation bands could reveal information 
regarding the local strains.  
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